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ABSTRACT OF THE DISSERTATION 
THE EFFECTS OF FERTILIZATION AND SIMULATED GRAZING ON THE 
COMMUNITY STRUCTURE OF A SEAGRASS BED IN SOUTH FLORIDA 
by 
Sitti Zayda Halun 
Florida International University, 2011 
Miami, Florida 
Professor James W. Fourqurean, Major Professor 
The importance of resource supply and herbivory in driving competitive interactions 
among species has been an important but contentious issue within ecology. These 
variables exhibit different effects on species competition when manipulated in isolation 
but interact when manipulated together. I tested the direct and interactive effects of 
nutrient addition and simulated grazing (clipping) on the competitive performance of 
primary producers and community structure of a seagrass bed in South Florida. One 
square meter experimental plots were established in a mixed seagrass meadow from 
August 2007 to July 2009. The experiment was a 3 x 3 factorial experiment: 3 fertility 
treatments: control, medium (2.4 mg N d-1 and 80 µg P day-1) and high (4.8 mg N d-1 and 
160 µg P day-1) x 3 clipping intensities (0, 25% and 50 % biomass removal (G)) x  5 
replicates for each treatment = 45 plots). Nutrient additions and simulated grazing were 
done every two months. Fertilization and simulated grazing decreased sexual 
reproduction in S. filiforme. Fertilization increased competitive dominance within the 
primary producers while simulated grazing counteracted this effect by removal of the 
dominant species. Fertilization ameliorated the negative impacts of simulated grazing 
vi 
 
while simulated grazing prevented competitive exclusion in the fertilized plots. Nutrient 
addition and simulated grazing both exerted strong control on plant performance and 
community structure. Neither bottom up nor top down influences was eliminated in 
treatments where both factors where present. The effects of fertilization on plant 
performance were marked under all clipping intensities indicating that the system is 
regulated by nutrient availability both in the presence or absence of grazers. Clipping 
effects were strong under both fertilized and unfertilized conditions indicating that the 
seagrass bed can be simultaneously under top-down control by grazers 
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CHAPTER 1. INTRODUCTION: PREDICTING THE DIRECT AND INTERACTIVE 
EFFECTS OF FERTILIZATION AND SIMULATED GRAZING ON SEAGRASS 
COMMUNITY STRUCTURE  
  
Pervasive anthropogenic changes to coastal areas and consumer community 
structure pose a challenge to the ability of ecologists to predict responses of primary 
producers, plant community structure and ecosystem function to increasing nutrient 
supply and decrease in herbivory. Nitrogen and phosphorus are known to limit primary 
production in coastal ecosystems (Elser et al. 2007). However, the input rates of nitrogen 
and phosphorus to coastal ecosystems have increased due to changes in land use pattern, 
agricultural practices and human activities along the coastal zone causing massive 
eutrophication (Bonsdorff et al. 1997, Boesch 2002). Similarly, human-caused changes in 
the intensity of top-down control due to overfishing can change the standing biomass and 
composition of primary producers in coastal ecosystems (Jackson 2001, Jackson et al. 
2001). 
Earlier studies pursued the effects of fertilization and herbivory independently but 
contemporary research suggests that these two variables interact (Worm et al. 2002, 
Hillebrand 2003, Burkepile and Hay 2006). Earlier studies have provided support for the 
positive effect of nutrient addition (Tilman 1990, Fridley 2002) and herbivore removal 
(McNaughton 1985, Gruner 2004) on plant communities. However both models and case 
studies offer conflicting predictions and evidence as to whether bottom-up and top-down 
factors should independently or interactively control plant community structure biomass 
(Hawkes and Sullivan 2001, Worm et al. 2002, Hillebrand 2003, Hartley and Mitchell 
2005, Burkepile and Hay 2006, Olsen and Valiela 2010). With the common recognition 
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that both resources and consumer impacts play important roles in controlling primary 
productivity and community structure, research now focuses on quantifying the relative 
and interactive effects of these forces and in predicting how these forces determine 
producer standing biomass, productivity, and community composition. 
Here I present a conceptual model predicting species density of a plant 
community at different nutrient and grazing regimes. I used natural history information to 
explain the direct and interactive effects of fertilization and grazing on plant community 
structure of a subtropical seagrass bed. A main implication of the results of this study is 
that a conceptual model integrated with a basic understanding of the mechanisms of 
interaction and supported by natural history information will increase our capabilities to 
understand and predict the dynamics of ecosystems. Increasing the predictive capabilities 
of ecological models is important for providing solutions to environmental problems.  
The species composition of a community will depend on whether fertility or 
herbivory is the dominant driver of ecosystem structure. Since ecosystem properties are 
strongly influenced by the characteristics of the dominant plants (Grime 2001), it is 
particularly important to examine the direct and interactive effects of nutrient supply and 
herbivory in ecosystems that are usually dominated by one or a few species, such as most 
aquatic ecosystems (Engelhardt and Ritchie 2001, Fourqurean et al. 2001).  
MODEL PREDICTIONS 
 
Grime’s (1979) “hump-backed” model of species density predicts that species 
diversity is expected to be highest at intermediate levels of fertility. In environments with 
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very low concentrations of nutrients, species richness is low because only species that 
have low nutrient requirements survive (Tilman 1982). Conversely, in environments with 
high concentrations of nutrients, a further increase in the limiting nutrient results in a 
decrease in species richness. High concentration of resources has been suggested to favor 
fast growing species that tend to out-compete a slow-growing species and dominate the 
ecosystem (Grime 1973). The results of most experiments in which production has been 
increased by enrichment of soil resources have shown a corresponding decline in species 
diversity (Kirchner 1977, Goldberg and Miller 1990, Gough et al. 2000, Fridley 2002). 
The mechanism generally presumed to cause the decrease in species richness is an 
increased intensity of competition at higher plant biomass (Grime 1979, Huston 1979, 
Tilman 1988, Huston 1994). 
 Connell’s (1978) “intermediate disturbance hypothesis” predicts that species 
diversity peaks at intermediate levels of disturbance. Grazing increases species richness 
by preventing competitive exclusion through biomass removal of the dominant species 
(Lubchenco 1978, Proulx and Mazumder 1998). Wootton (1998), however,  suggested 
two scenarios at which species diversity might not peak at intermediate levels of 
disturbance: 1) if species do not respond differentially to disturbance, then disturbance 
will not increase the probability of species coexistence (see also Chesson and Huntly 
1997, Chesson 2000) and 2) if species coexistence is due to mechanisms other than the 
action of disturbance, then disturbance will either have no influence on species 
coexistence or will decrease the probability of species coexistence and lead to a reduction 
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in diversity. The second scenario may occur due to the interactions between nutrient 
availability and disturbance.  
Studies have shown that the effects of fertility and herbivory on species diversity 
may be interdependent (Proulx and Mazumder 1998). The net effects of grazers on 
community structure depend on the fertility of the habitat, which will determine the rates 
of competitive exclusion and the recovery after grazing (Lubchenco 1978, Huston 1979, 
Kondoh 2001). On the one hand, fertilization tends to increase the dominance of a few 
species (Lubchenco 1978, Proulx and Mazumder 1998) and thus to decrease evenness, 
whereas grazers counteract these effects by removing dominant life forms (Worm et al. 
1999, Hillebrand 2003). On the other hand, the ability of plants to withstand disturbance, 
such as grazing and to recover afterwards correlates to nutrient input (Proulx and 
Mazumder 1998). The nutrient supply required to maintain high plant diversity increases 
with increasing mortality rates (Huston 1979, Hillebrand et al. 2000), and the effects of 
nutrients on diversity change with grazer presence or absence.  Fertilization in the 
absence of herbivory increases biomass and decreases species density (Gough and Grace 
1998). I present a conceptual model that predicts how species density is influenced by the 
interactive effects of nutrient supply and grazing intensity. I hypothesize that the 
interaction between nutrient availability and grazing will allow more species to coexist 
with increasing nutrient supply in the presence of herbivores. So I expect the peak in 
species diversity predicted by Grime's (1979) “hump-backed” model of species density to 
extend further into higher nutrient concentration in the presence of herbivores that will 
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prevent competitive exclusion. The nutrient supply should be enough to support plant 
growth to allow the plant community to recover from grazing.  
 In this model, a gradient of plant growth rate is proposed, from fast-growing to 
slow growing plants.  Fast growing species are associated with fertile environments, 
while slow growing species are associated with infertile environments (Grime 2001). 
Since ecosystem function is strongly affected by the functional characteristics of the 
dominant plant species, the rapid biomass production (high growth rate) can increase 
ecosystem productivity (Berendse et al. 1998). The low carbon to nutrient ratio of fast-
growing species increases their palatability to herbivores, therefore creating a possible 
loss of primary productivity (Cebrian and Duarte 1994, Grime 2001).   
In infertile environments, slow-growing species dominate and their capacity to 
dominate is related more to the ability to protect nutrient capital than to capture nutrients 
at low external concentration (Berendse et al. 1998, Grime 2001). The foliage of plants 
associated with nutrient poor soils is usually characterized by low concentrations of 
mineral nutrient elements (Chapin 1980). The most likely explanation for this is the large 
investment in cell wall material and in other carbon-based structural components which 
appear to be involved in the defense of potentially long-lived leaves against herbivores 
(Chabot and Hicks 1982, Burt-Smith et al. 2003). Herbivores have been shown to prefer 
plants that have a high nutrient concentration (Burt-Smith et al. 2003, Goecker et al. 
2005). The slow growth rate (biomass production) can lead to a lower ecosystem 
productivity compared to an ecosystem dominated by fast-growing plants, but the longer 
life span can indirectly increase ecosystem productivity in aquatic systems by allowing 
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more epiphytes to grow on the plants (Reyes and Sanson 2001, Lavery and Vanderklift 
2002). 
In a seagrass bed, I hypothesize that the following scenarios could occur:  
(1)  An overall increase in the abundance of vegetation in fertilized plots while 
grazing will lead to an overall decrease in plant abundance. The total plant 
biomass will increase in response to the increased nutrient supply. Grazing will 
cause a loss of biomass and nutrients that will result in a decrease in total plant 
abundance. 
(2) Community composition will change as a result of species-specific responses 
to increased nutrient supply. Species evenness will decline because of increasing 
dominance of some species.  An increase in nutrient loading in the absence of 
herbivory will decrease the abundance of some species and allow species capable 
of exploiting the increased nutrient availability to dominate. Specifically I predict 
that tall plants (Syringodium filiforme and Thalassia testudinum) will increase 
whereas the smaller plant (Halodule wrightii) will decrease in the short term. In 
the long term, H. wrightii is expected to increase as predicted by Fourqurean’s 
(2003) species dominance-eutrophication gradient conceptual model (Figure 1.2). 
This model predicts that the dominant species of primary producers in near-shore 
marine water of South Florida changes with changing nutrient concentration.  The 
shift in the dominant species with increasing nutrient supply will be from T. 
testudinum, S. filiforme, H. wrightii, R. maritima, macroalgae to microalgae. 
Changes in seagrass community composition in response to increasing nutrient 
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supply have been shown to occur on the scale of years and decades. In Florida 
Bay, a monospecific T. testudinum bed was replaced by H. wrightii following 8 
years of fertilization (Fourqurean et al. 1995). Ferdie and Fourqurean (2004) 
reported an increase in S. filiforme and macroalgal abundance in response to 
fertilization, which could compete with T. testudinum for light and nutrients.    
(3) an increase in grazing pressure without an increase in nutrient loading will 
lead to a loss of species, only species that are resistant to or tolerant of grazing 
will persist and; 
(4) the interactive effects of nutrient availability and grazing will allow species to    
coexist at higher nutrient supply. The trajectory predicted by Fourqurean’s (2003)     
model could be delayed if there are enough grazers to prevent the dominance of a   
few species (Figure 1.3). The maximum relative abundance of the different  
species would be reduced in the presence of herbivores. 
 It is important to determine the length of time required to cause shifts in 
vegetation abundance and composition to be able to predict changes in community 
structure in response to changes in nutrient supply and grazing pressure, so long term 
studies are required.  
When ecosystems are subjected to multiple stressors simultaneously, their effects 
on community structure could be difficult to predict. In the face of multiple stressors, 
diverse ecosystems may be more stable if species respond differently to stressors or if 
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functionally similar species can compensate for stressor effects on focal species (Loreau 
and Behera 1999). Mooney (1995) suggested that the gain or loss of a species will have 
the greatest impact on ecosystem processes and functions when there are few species in 
the community, especially when the species gained or lost is a dominant species. This is 
particularly important in ecosystems, such as kelp forests, cattail marshes, and seagrass 
beds that are dominated by and dependent on one or a few key plant species (Engelhardt 
and Ritchie 2001, Fourqurean et al. 2001). Thus understanding the effects of increasing 
nutrient supply and herbivore loss on ecosystem structure and function is critical in 
achieving both conservation and economic goals. The succeeding chapters will elucidate 
how species-specific responses to the direct and interactive effects of fertilization and 
grazing could change community composition of a seagrass bed. 
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Figure 1.1 A conceptual model relating nutrient availability (trophic state) to relative  
abundance of primary producers in near-shore marine waters of South Florida  
(Fourqurean et al. 2003) 
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Figure 1.2. A conceptual model relating nutrient availability to relative abundance of primary 
producers in near-shore marine waters of South Florida under high grazing pressure 
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CHAPTER 2: THE EFFECTS OF FERTILZATION AND SIMULATED GRAZING ON THE 
MORPHOLOGY AND PRODUCTIVITY OF A SUBTROPICAL SEAGRASS  
 
INTRODUCTION 
 
 The importance of resource supply (so-called “bottom-up” forces) and herbivory 
(“top-down” forces) in driving interactions among species has been an important but 
contentious issue within ecology (Gruner et al. 2008). Once a dichotomous debate over 
which single process best explained the observed patterns of primary production, current 
research suggests the interdependence of resources and consumer impacts on ecosystems 
(Hawkes and Sullivana 2001, Burkepile and Hay 2006). These variables exhibit different 
effects on species competition when manipulated in isolation but interact when 
manipulated together. Earlier studies provide widespread support for positive effects of 
experimental fertilization (Wilson and Tilman 1991, Fourqurean et al. 1995, Fridley 
2002, Ferdie and Fourqurean 2004) and herbivore removal or exclusion on producer 
community across ecosystems (Ritchie and Tilman 1995, Foster and Gross 1998, Chase 
et al. 2000). On the one hand, fertilization tends to increase the dominance of a few 
species (Lubchenco 1978, Proulx and Mazumder 1998) whereas grazers counteracted 
these effects by removing dominant life forms (Gough and Grace 1998, Worm et al. 
2002, Hillebrand 2003). The net effects of grazers on community structure depend on the 
fertility of the habitat, which will determine the rates of competitive exclusion and the 
recovery after grazing (Lubchenco 1978, Huston 1979, Proulx and Mazumder 1998, 
Kondoh2001). With the general recognition that both resources and consumers have 
important roles in most ecosystems, research now focuses on quantifying the relative and 
interactive effects of resource and consumer control and on predicting how these forces 
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determine producer standing biomass, productivity, tissue nutrient content and species 
diversity within and across ecosystems (Thayer et al. 1984, de Mazancourt and Loreau 
2000, Borer et al. 2006, Burkepile and Hay 2006, Hillebrand et al. 2007, Gruner et al. 
2008). 
Marine ecosystems are threatened worldwide by anthropogenic activities, changes 
in land use patterns, deforestation and poor agricultural practices that have resulted in 
eutrophication of the coastal zone (Short and Wyllie-Echeverria 1996). These changes 
coupled with massive loss of herbivores (Jackson et al. 2001) are changing the strength of 
top-down and bottom-up forces in the marine environment (Hughes et al. 2003, Bellwood 
et al. 2004, Burkepile and Hay 2006). Thus, knowing how consumers and resource 
availability will affect the structure of the primary producer community is critical in 
understanding the community structure and functioning of marine ecosystems.  
Most aquatic ecosystems, such as kelp forests, cattail marshes, and seagrass beds, 
are dominated by and dependent on one or a few key plant species (Bruno et al. 2003) 
that structure the whole ecosystem. Seagrasses are marine angiosperms that form 
extensive meadows in muddy to sandy substrate in shallow coastal areas (den Hartog 
1970). Seagrass meadows are one of the most productive ecosystems in the world (Duarte 
and Chiscano 1999), achieving high primary production even in oligotrophic 
environments (Hemminga and Duarte 2000), and much of their primary production is 
exported to adjacent ecosystems (Duarte and Cebrian 1996). Seagrasses also provide a 
substrate for epiphytic microalgae, whose production often equal or exceed that of the 
host macrophytes (Penhale 1977, Borum 1985, Moncreiff and Sullivan 2001). Many 
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grazers feed on the epiphytes (Duffy and Harvilicz 2001, Moncreiff and Sullivan 2001) 
but only a few animals feed directly on seagrasses (e.g. some fish, some gastropods, sea 
urchin, turtles and dugongs) (Williams 1988, Bowen 1997, Anderson 1998, Rose et al. 
1999, Kirsch et al. 2002), however massive loss of seagrass biomass caused by dugongs, 
turtles, sea urchins has been reported (Williams 1988, Rose et al. 1999, Aragones and 
Marsh 2000).  
 Seagrass meadows provide a good system for testing the effects of nutrients and 
grazing because they are structured by resource availability (Fourqurean et al. 1992, 
Erftemeijer and Herman 1994, Duarte and Sandjensen 1996, Ferdie and Fourqurean 
2004) and herbivory (Hay 1984, Valentine and Heck 1999, Armitage and Fourqurean 
2006, Olsen and Valiela 2010). The responses of seagrasses to increased nutrient supply 
are species specific (Fourqurean et al. 2003) and herbivore feeding preference is 
determined by nutrient content of seagrasses (Goeker et  al. 2005, Armitage and 
Fourqurean 2006).  
  I carried out a two-year experimental manipulation of fertilization and simulated 
grazing (clipping) in a mixed seagrass bed in Florida Bay. I measured the direct and 
interactive effects of fertilization and clipping on the elemental content, morphology, 
productivity and composition of the primary producers. I tested the following hypotheses: 
1) Fertilization will increase the productivity of the primary producers while 
simulated grazing will decrease it. 
2) Fertilization will increase the leaf size and absolute abundance of some of the 
primary producers and change the community composition; 
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3) Simulated grazing will decrease the leaf size and absolute abundance of some of 
the primary producers and change community composition; and  
4) The impacts of fertilization and grazing on the primary producers are interactive. 
Grazing will dampen the effects of fertilization whereas; the negative effects of 
grazing will be ameliorated in the fertilized plots.  
METHODS 
 
Site Description 
 South Florida has the largest continuous seagrass meadows in the US, and one of 
the most well-documented seagrass communities in the world.  Seagrass communities are 
found from the mangrove-lined estuaries of Florida Bay to the back-reef areas and open 
continental shelf waters (Fourqurean et al. 2002). Seagrasses are the dominant primary 
producer in the coastal areas of South Florida. Macroalgal biomass is less than seagrass 
biomass in this area (Zieman et al 1989). The three most common seagrass species are 
Thalassia testudinum, Syringodium filiforme, and Halodule wrightii, and the four 
macroalgal genera that have the greatest distribution in Florida Bay are Halimeda, 
Laurencia, Penicillus and Acetabularia (Zieman et al. 1989). The grazer community of 
seagrass beds in Florida bay consists of manatees, fish (parrotfishes and pinfish), sea 
urchins and turtles (Rose et al. 1999, Valentine and Heck 1999, Kirsch et al. 2002).  
Experimental design 
 
 The experiment started in August 2007 and was terminated in July 2009. 
Experimental plots (1 m2) were established in a shallow water (1.5 m) seagrass meadow 
comprised of T. testudinum, S. filiforme and H. wrightii growing in a muddy sand 
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sediment on the southwestern side of Florida Bay (N 24 51.01, W 80 53.190). The plots 
were situated 1 m apart in a 3 x 3 factorial design: 3 fertility levels (control (C), medium 
NP (1F) and high NP (2F) x 3 simulated grazing intensities (biomass removal, 0, 25 and 
50 % of the 1 m2 plot (1G and 2G)) x  5 replicates for each treatment = 45 plots. Nitrogen 
was added into the sediment using slow release nitrogen fertilizer pellets (PolyonTM, 
Purcell Technologies Inc., 38-0-0) and phosphorus was added as granular phosphate rock 
(MultifosTM, IMC Global, Ca3(PO4)2, 18%P). Fertilization and clipping were carried out 
every two months. The loading rate in the 1F plots was 2.4 mg N d-1 and 80 µg P d-1 and 
in the 2F plots was 4.8 mg N d-1 and 160 µg P d-1. These loading rates are four and eight 
times the nitrogen and phosphorus requirement of T. testudinum, which has the lowest 
nutrient requirement among the three species (Fourqurean et al. 1992).  Since the N and P 
requirement of H. wrightii, which has the highest nutrient requirement among the three 
species, is twice and four times that of T. testudinum (Fourqurean et al. 1992), these 
loading rates will ensure that the nutrient requirements of all three species are met. Turtle 
grazing was simulated by clipping of aboveground biomass of the three seagrass species 
with stainless steel garden shears to about 5 cm above the sediment leaving the meristems 
on the buried horizontal rhizome intact. . I chose to simulate turtle grazing because turtles 
have been reported to graze on all three seagrass species (Mortimer 1981, Williams 
1988). Turtles have also been observed to create discrete grazing plots in seagrass beds 
and return to these plots to harvest new growth (Bjorndal 1980). I subdivided the one 
square meter plot into sixteen 0.25 x 0.25 cm quadrats. Then I clipped the above-ground 
biomass in 8 and 16 randomly chosen 0.25 x 0.25 qaudrats for the medium (25 %) and 
high  (50%) grazed plots, respectively. I did not intend to clip the macroalgae but some of 
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them were removed in the process of clipping the seagrass leaves. The seagrass leaves 
were clipped every two months.  
Experimental sampling 
 
 Leaf growth rate of T. testudinum was measured four times during the duration of 
the experiment and S. filiforme leaf growth rate was measured once in all plots.  Three 
shoots of T. testudinum were randomly chosen in each plot to estimate leaf growth using 
a modified leaf marking technique of (Zieman 1974), and ten shoots of S. filiforme were 
randomly chosen to estimate leaf growth rate using the emergent leaf technique 
(Schwarzschild et al. 2008). Leaf growth measurements were taken on clipped shoots in 
the grazed plots. The plant leaves were marked immediately after nutrient addition and 
clipping. The shoots were collected for leaf growth rate measurements after 15 days. 
These techniques allowed us to calculate the absolute growth rate (AGR), relative growth 
rate (RGR) and plastochron interval. For T. testudinum, leaf absolute growth rate is 
defined as the increment in leaf length per short shoot per day while leaf relative growth 
rate is the increase in leaf length per day per unit of leaf length. For S. filiforme, the leaf 
absolute growth rate is defined as the increment in leaf length per day. The leaf 
plastochron interval is the time interval between the initiation of successive leaves.  
 At the termination of the experiment, three T. testudinum and 15 S. filiforme 
shoots were collected at each plot, placed in ice and transported to the laboratory. 
Morphological measurements of the leaves of T. testudinum (length and width) and S. 
filiforme (leaf length) shoots were recorded. The epiphytes on the leaf material of each 
species were gently scraped with a razor blade, dried at 70oC, weighed, ground to a fine 
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powder and analyzed for carbon (C), nitrogen (N) and phosphorus (P). I did not collect H. 
wrightii shoots because their small size would require collecting so much material that 
the composition of the plots could be altered. For each species within each plot, seagrass 
leaf material was pooled. Since plant tissue stoichiometry can be used as an indicator of 
the fertility of the ecosystem (Atkinson and Smith 1983), the C:N:P data were used to 
interpret competitive interactions among the constituent species. Carbon and nitrogen 
content were determined using a CHN analyzer. Phosphorus content was determined by a 
dry-oxidation, acid hydrolysis extraction followed by colorimetric analysis (Fourqurean 
et al. 1992a).  Elemental content and ratios were calculated on a dry weight and 
mole:mole basis, respectively. The percent cover of all primary producers (T. testudinum, 
S. filiforme, H. wrightii, Halimeda and Penicillus) per square meter was measured using a 
modified Braun-Blanquet method (Braun-Blanquet 1972, Fourqurean et al. 2001).  The 
result of this technique is a score of relative cover, in which cover is defined as the 
fraction of the bottom that is obscured by specific benthic taxa when viewed by a diver 
from directly above. Score values were as follows: 0, absent; 1, <5% cover; 2, 5-25% 
cover; 3, 25-50% cover; 4, 50-75% cover; 5, 75-100% cover.  
ANALYSIS  
 
 Leaf elemental content, leaf morphology, leaf biomass, leaf growth rate and 
absolute cover of the seagrasses were tested using a full factorial 2-way ANOVA 
(nutrient, grazing and nutrient x grazing) (Proc GLM in SAS 9.2). If necessary, data were 
log-transformed to achieve normality (Kolmogorov-Smirnoff test) and homogeneity of 
variances (Bartlett’s test). For factors with significant effects, I compared means using 
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Tukey’s test. The comparison was considered statistically significant at p ≤ 0.05. When 
there was significant interaction between the effects of nutrient addition and grazing 
means of one factor were compared using Tukey’s test separately at each level of the 
other factor and vice versa. 
RESULTS 
 
Leaf nutrient content  
 
 The leaf N content of T. testudinum and S. filiforme did not respond to 
fertilization (Figure 2.1a and c, Table 2.1). Fertilization increased the leaf P content of T. 
testudinum by 6 and 17 % in the 1F and 2F plots, respectively (Figure 2.1b, Table 2.1). 
The P content of S. filiforme increased by 4 and 26 % in the 1F and 2F plots, respectively 
(Figure 2.1d, Table 2.1). The increase in the P content of T. testudinum and S. filiforme in 
the fertilized plots resulted in a decrease in their leaf C:P ratio (Figure 2.2b and d, Table 
2.1). The leaf C:N ratio of T. testudinum decreased in the enriched plots but there was no 
effect of fertilization on leaf C:N ratio of S. filiforme (Figure 2.2a and c, Table 1). The 
leaf N content of S. filiforme was 6 and 3 % higher in the 1G and 2G plots, respectively 
but simulated grazing had no effect on leaf N content of T. testudinum (Figure 2.1a, and 
c, Table 2.1). The C:N ratio of T. testudinum and S. filiforme did not respond to simulated 
grazing (Figure 2.2a, and c, Table 2.1).   Simulated grazing decreased the leaf P content 
of T. testudinum by 13 and 8 % in the 1G and 2G plots, respectively but had no effect on 
the P content of S. filiforme (Figure 2.1 c and d, Table 2.1). The decrease in the P content 
of T. testudinum in the clipped plots caused an increase in its leaf C:P ratio (Figure 2.2b, 
Table 2.1). Clipping had no effect on the leaf C:P ratio of S. filiforme (Figure 2.2d, Table 
19 
 
2.1). There were no interactive effects of grazing and fertilization on the elemental 
content of T. testudinum and S. filiforme: grazing had the same relative effect on 
elemental content across all levels of fertility and fertilization had the same relative 
effects across all levels of grazing (Figure 2.1 and 2.2, Table 2.1).  
Morphology of seagrasses 
 
 The leaf area and leaf mass of T. testudinum did not respond to fertilization, or 
simulated grazing (Figure 2.3a and b, Table 2.1). The leaf length of S. filiforme increased 
by 44 and 61 % in the 1F and 2F plots, respectively (Figure 2.3c, Table 2.1). Clipping 
caused a decrease in the leaf mass of S. filiforme by 44 and 24 % in the 1G and 2G plots, 
respectively but did not affect the leaf length of S. filiforme (Figure 2.3c and d, Table 
2.1). There were no interactive effects of grazing and fertilization on the leaf length and 
leaf mass of T. testudinum and S. filiforme: grazing had the same relative effect on leaf 
length and leaf mass across all levels of fertility and fertilization had the same relative 
effects across all levels of grazing (Figure 2.3c and d, Table 2.1)   
Growth rate of seagrasses 
 
 The absolute growth rate (AGR), relative growth rate (RGR) and leaf plastochron 
interval (PI) of T. testudinum did not respond to fertilization (Figure 2.4, Table 1).  
Simulated grazing decreased the absolute growth rate of T. testudinum by 52 and 54 % in 
the 1G and 2G plots, respectively but increased its relative growth rate by 330 and 400 % 
in the 1G and 2G plots, respectively (Figure 2.4a and b, Table 1). Simulated grazing had 
no effect on the leaf PI of T. testudinum (Figure 2.4c Table 1). Fertilization had no effect 
on the absolute growth rate of S. filiforme (Figure 2.5a, Table 1). The absolute growth 
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rate of S. filiforme decreased in the clipped but unfertilized plots (Figure 2.5a, F x G 
interaction, Table 2.1, Tukeys test, p<0.05). The leaf PI of S. filiforme significantly 
increased in the fertilized plots, it was 162 % and 215 % higher than the control in the 1F 
and 2F plots respectively (Figure 2.5e, Table 2.1). Clipping decreased the absolute 
growth rate of S. filiforme (Figure 2.5a, Table 2.1) but had no effect on leaf PI (Figure 
2.5b, Table 2.1). S. filiforme leaf PI did not respond to the interactive effects of 
fertilization and simulated grazing. 
Absolute abundance of primary producers 
 
 The absolute abundance of T. testudinum did not respond to fertilization or 
simulated grazing (Figure 2.6a, Table 2.1). The absolute abundance of S. filiforme 
increased by 39 % and 64 % in the 1F and 2F plots, respectively (Figure 2.6b, Table 2.1). 
Grazing decreased the absolute abundance of S. filiforme by 24 % and 45 % in the 1G 
and 2G plots, respectively (Figure 2.6b, Table 2.1). Fertilization had a larger effect on the 
absolute abundance of S. filiforme in unclipped plots than in the clipped plots. (Figure 
2.6b, Table 2.1, Tukey’s test, p<0.05). The absolute abundance of H. wrightii decreased 
by 58 % and 110 % in the 1F and 2F plots, respectively (Figure 2.6c, Table 2.1). 
Fertilization increased the absolute abundance of Halimeda by 28 % and 46 % in the 1F 
and 2F plots, respectively (Figure 2.6d, Table 2.1). Penicillus did not respond to 
fertilization (Figure 2.6e, Table 2.1). The absolute abundance of H. wrightii, Halimeda 
and Penicillus did not respond to simulated grazing and there were no interactive effects 
of fertilization and simulated grazing (Figure 2.6c, d and e, Table 2.1).  
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DISCUSSION 
The results of the two-year fertilization and clipping experiment suggest that 
fertilization and grazing are key variables that could influence the patterns and processes 
in marine ecosystems subject to anthropogenic activities. Fertilization and simulated 
grazing had strong but opposite effects on tissue nutrient content, growth rate, and 
species abundance of the seagrass community in South Florida. Fertilization did not 
affect the N content of T. testudinum and S. filiforme. This suggests that there is enough 
N in the control plots to meet the requirements of these species. This concurs with the 
results of a fertilization experiment conducted by Armitage et al. (2005) in Florida Bay 
that shows enrichment had no effect on the N content of seagrasses. Although 
fertilization did not significantly affect the N content of T. testudinum, the C:N ratio did 
decrease, indicating that either fertilization increased availability of N to the plants or that 
plants have become carbon limited. Fertilization increased the P content and decreased 
the C:P ratio of T. testudinum and S. filiforme but there was no concomitant increase in 
their growth rate. Experiments conducted in the Florida Keys (Ferdie and Fourqurean 
2004) and Jobos bay, Puerto Rico (Olsen and Valiela 2010) showed a similar lack of 
growth response from T. testudinum to fertilization. This suggests that P availability has 
increased in the fertilized plots but other factors such as light have become limiting, so 
there was no significant increase in the growth rate of T. testudinum and S. filiforme.   
It has been demonstrated that the intensity of aboveground competition increases 
with increasing fertility and plant density (Grime 1979, Reader and Best 1989, 
Schwinning and Weiner 1998, Fargione and Tilman 2002). When plants are not nutrient 
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limited and light becomes limiting, plants tend to allocate more biomass to 
photosynthetic tissues (Bloom et al. 1985). In the enriched plots, there was an increase in 
leaf length, leaf mass and absolute abundance of S. filiforme, although there was no 
increase in the absolute growth rate of S. filiforme. I might have failed to quantify other 
components of growth (e.g. biomass production) because the leaf emergent technique 
only measures increments in length in S. filiforme. The increase in leaf size and 
abundance of S. filiforme is a competitive advantage in light capture over the other 
species. In addition, the fast growing vertical rhizomes of S. filiforme can extend above 
the sediment surface into the water column, allowing it to form a dense multi-layered 
canopy (Marba et al. 1994, Kenworthy and Schwarzschild 1998) that could shade the 
other species. Kenworthy and Schwarzchild (1998) reported that over 70% the 
aboveground biomass of S. filiforme is comprised of non-photosynthetic stems and 
sheaths. The benefit of being able to grow high into the water column could have 
associated physiological cost, which could explain the lack of leaf growth response of S. 
filiforme to fertilization.  
In seagrass meadows, canopy structure and leaf density can strongly attenuate 
light, which can result in a gradient of photosynthetic activity along the length of a leaf. 
Seagrasses grow from a basal meristem, an area that has the least chlorophyll and also 
receives the least amount of light (Enriquez et al. 2002). The longer leaf PI of S. filiforme 
in the fertilized plots could be an adaptive mechanism to compete for light since mature 
leaves are more efficient in light capture than the new emerging leaf. Increased leaf 
longevity could have disadvantages because photosynthetic rate declines with leaf age 
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(Field and Mooney 1983, Kitajima et al. 1997).  Gallegos et al. (1994) reported that the 
leaf PI of S. filiforme increased with greater shoot density.  A review by Walters and 
Reich (1999) showed that shade tolerant broadleaved evergreen species have longer leaf 
life span than shade intolerant species.  
Resource competition could determine the composition of a plant community 
(Tilman 1982). The abundance of T. testudinum was not affected by the increase in the 
abundance of S. filiforme, likely due to its low nutrient requirement (Fourqurean et al. 
1992) well-developed root and rhizome system (van Tussenbroek et al. 2006) that can 
efficiently absorb nutrients, and flat strap-like leaves that can grow as tall the S. filiforme 
canopy. The flat strap-like leaves of T. testudinum aid in light capture allowing it to 
compete with S. filiforme for light. This is particularly important because T. testudinum 
has a higher light requirement than the other co-occurring species (Wiginton and 
McMillan 1979). The decrease in the abundance in the fertilized plots of H. wrightii, a 
plant with higher nutrient requirement (Fourqurean et al. 1995) and smaller in size 
relative to the other species must be due to its inability to compete efficiently for light. 
Burd and Dunton (2001) reported that light was a major factor controlling H. wrightii 
productivity. The absolute abundance of the macroalgae Halimeda increased in response 
to fertilization. Littler et al. (1988) reported that Halimeda is adapted to take advantage of 
episodic nutrient supply and achieve light-saturated photosynthesis at very low 
irradiance. Their study also showed that this genus requires low light to reach 
photosynthetic compensation point and are efficient in using low photon flux densities. 
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Furthermore, the results of a study by Davis and Fourqurean (2001) suggest that 
Halimeda competes with seagrasses for nutrients more than for light.   
McNaughton (1979) proposed that partial defoliation could enhance resource 
demand in the meristems of the shoots that stimulates photosynthetic rate per unit of leaf 
area. In addition, leaf clipping could allow more efficient light use by reducing self-
shading (McNaughton 1979, Hilbert et al. 1981), although Belsky et al. (1993) argued 
that removal of foliage could lead to decrease in productivity. The observed increase in 
the relative growth rate of T. testudinum could be compensatory growth in response to 
simulated grazing (McNaughton 1979) fueled by stored resources from belowground 
plant structures. Clipping of the leaves resulted in a loss of P and an increase in C:P ratio 
of T. testudinum, likely contributing to the observed decrease in its absolute growth rate 
in response to simulated grazing. Although the leaf mass of S. filiforme significantly 
decreased in the clipped plots, the leaf length was not affected. This could be a 
mechanism to allow it to compete with T. testudinum for light since grazing had no 
significant effect on T. testudinum.  
Several studies have reported a correlation between total leaf nitrogen and 
photosynthetic capacity (Gulmon and Chu 1981, Field and Mooney 1986, Evans 1989). 
Nitrogen is an important component of the proteins of the Calvin cycle and thylakoids of 
leaves. The increase in N allocation to the leaves of S. filiforme in the clipped plots is 
probably in response to the loss of foliage. An increase in tissue N content in seagrasses 
in response to simulated grazing has been documented (Moran and Bjorndal 2007, 
Vergés et al. 2008). But it appears that the increase in N content of the leaves of S. 
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filiforme and increased light availability to the clipped shoots did not compensate for the 
loss of photosynthetic tissues resulting in a decrease in absolute growth rate. This may be 
due to the lower carbon uptake rate of S. filiforme mg (1.74 (±0.26) C gDW-1 h-1) 
compared to those of H. wrightii (2.33 (±0.28)) and T. testudinum (2.02 (±0.12)) (Zieman 
et al. 1989). Carbon-limitation in S. filiforme could be exacerbated by the loss of leaves 
due to clipping. This reduced growth rate resulted in a decrease in the absolute cover of S. 
filiforme in the clipped plots.  The marked decrease in absolute cover of S. filiforme in 
clipped plots that were unfertilized plots could be due to increased competition from the 
other species that did not respond to the interactive effects of fertilization and clipping. 
The ability of plants to compensate for biomass loss due to grazing decreases with 
increasing competition from other plants and as nutrient levels decrease (Maschinski and 
Whitham 1989). 
Grazing prevents competitive exclusion through biomass removal of the dominant 
species.  It seems the decrease in S. filiforme cover in the clipped plots allowed the other 
species to persist. The absolute abundance of T. testudinum, H. wrightii, Halimeda and 
Penicillus was not affected by clipping. The result of a meta-analysis by Burkepile and 
Hay (2006) showed that nutrient enrichment did not affect T. testudinum in the presence 
or absence of herbivores. These results suggest two things: first, the removal of the 
dominant species by grazing under conditions of high nutrient supply allows the other 
species to persist, and second, the negative impacts of grazing on seagrass biomass can be 
ameliorated by the positive effects of nutrient addition on plant growth.  
  The species-specific response to fertilization and simulated grazing in this study 
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could have important implications on ecosystem structure and function. The coexistence 
of species possessing different plant traits and strategies that allows for efficient 
exploitation of all available resources will increase ecosystem productivity (Tilman et al. 
1997, Hooper et al. 2005). Thus, a more diverse seagrass community will perform better 
when subjected to increased nutrient loading and/or grazing. Species diversity has been 
shown to positively influence resilience and recovery after a perturbation or disturbance 
(Hooper et al. 2005).   
 Most published simulated grazing studies were conducted in monospecific 
seagrass beds (e.g.Wittmann and Ott 1982, Moran and Bjorndal 2005, Moran and 
Bjorndal 2007); this is the first study that evaluated the effects of simulated grazing in a 
mixed seagrass meadow. Fertilization increased competitive dominance within the 
primary producers while simulated grazing counteracted this effect by removal of the 
dominant species. The impact of simulated grazing on seagrass community structure 
would probably be greater if our grazing regime mimicked preferential grazing of 
herbivores on nutrient rich plants (Goecker et al. 2005, Armitage and Fourqurean 2006) 
or sustained grazing by turtles (Bjorndal 1980). This study also shows that if there is 
enough nutrient supply to support plant growth, grazing plots can sustainably support 
intense grazing pressure (Bjorndal 1980, Williams 1988). Our results thus provide some 
support for theoretical expectations that anthropogenic activities that alter grazer 
community structure may also affect the response of marine communities to nutrient 
perturbations. Future studies should address the direct and interactive effects of nutrient 
supply and preferential grazing on community structure and relate these changes to 
ecosystem functions.   
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Table 2.1. ANOVA results of effects of nutrients and grazing on response variables 
measured after 24 months of fertilization and grazing. Significant effects (defined as p ≤ 
0.05) are designated in boldface type. 
 
 
Response variables              Nutrient   (F)                    Grazing   (G)                       F  x G 
                                              F45,2             P                  F45,2              P                F45,4               P 
Thalassia testudinum 
        
Leaf N 2.34   0.11 1.77 0.19 2.04 0.11 
Leaf P 4.59 0.017 2.99 0.06 0.22 0.93 
Leaf C:N 3.93 0.028 2.92 0.07 1.65 0.18 
Leaf C:P 5.51 0.008 4.98 0.01 0.17 0.95 
Leaf area 0.51   0.61 0.41 0.67 1.23 0.31 
Leaf mass 0.29   0.75 0.64 0.53 1.14 0.35 
Relative growth rate 1.10   0.34 7.80  0.002  0.723 0.58 
Absolute growth rate 1.17   0.32 11.69  <0.001 0.44 0.78 
Leaf PI 1.08   0.35 5.44 0.006 0.274 0.89 
Absolute abundance 1.08   0.35 1.08    0.35     0.46 0.77 
Syringodium filiforme 
Leaf N 1.53   0.23 3.46 0.04 1.19 0.33 
Leaf P 17.35 <0.001 0.43 0.65 0.39 0.81 
Leaf CN 2.01   0.15 2.84 0.07 0.26 0.91 
Leaf CP 13.86 < 0.001 0.32 0.73 1.03 0.40 
Leaf length 11.14 <0.001 0.47 0.63 0.7 0.59 
Leaf mass 19.35 <0.001   12.58 <0.001 0.61 0.66 
Leaf PI 4.32   0.02 1.83 0.83 2.28 0.08 
Absolute growth rate 0.565   0.57 8.02 0.002 6.61  0.001 
Absolute abundance 20.67 <0.001   12.67  <0.001 3.01 0.03 
Halodule wrightii    
Absolute abundance 5.36 0.016 0.88 0.43 0.65 0.63 
Halimeda 
Absolute abundance 8.66 0.001 0.01 0.99 2.15 0.09 
Penicillus 
Absolute abundance 0.73 0.49 0.41 0.67 0.61 0.66 
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CHAPTER 3: TEMPORAL CHANGE IN THE COMMUNITY STRUCTURE OF A 
SUBTROPICAL SEAGRASS BED IN RESPONSE TO THE DIRECT AND INTERACTIVE 
EFFECTS OF FERTILIZATION AND SIMULATED GRAZING 
 
INTRODUCTION 
Pervasive anthropogenic changes to coastal areas and consumer community 
structure pose a challenge to the ability of ecologists to predict responses of primary 
producers, plant community structure and ecosystem function to these changes. Nitrogen 
and phosphorus are known to limit primary production in coastal ecosystems (Elser et al. 
2007). The input rates of nitrogen and phosphorus to coastal ecosystems have increased 
due to changes in land use pattern, agricultural practices and human activities along the 
coastal zone causing massive eutrophication (Bonsdorff et al. 1997, Boesch 2002). 
Similarly, human-caused changes in the intensity of top-down control due to overfishing 
can change the standing biomass and composition of primary producers in coastal 
ecosystems (Jackson 2001, Boesch 2002). 
Earlier studies pursued the effects of fertilization and herbivory independently but 
contemporary research suggests that these two variables interact (Hawkes and Sullivan 
2001, Worm et al. 2002, Hillebrand 2003, Hartley and Mitchell 2005, Burkepile and Hay 
2006, Olsen and Valiela 2010). With the common recognition that both resources and 
consumer impacts play important roles in controlling primary productivity and 
community structure research now focuses on quantifying the relative and interactive 
effects of these forces and in predicting how these forces determine producer standing 
biomass and community composition. Earlier studies have provided support for the 
positive effect of nutrient addition (Tilman 1990, Fridley 2002, Gruner et al. 2008) and 
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herbivore removal on plant biomass (McNaughton 1985, Gruner et al. 2008). However 
both models and case studies offer conflicting predictions and evidence as to whether 
bottom-up and top-down factors should independently or interactively control plant 
community structure (Adler et al. 2001, Worm et al. 2002, Burkepile and Hay 2006, 
Hillebrand et al. 2007).  
In this chapter, I present results of a two-year fertilization and simulated grazing 
experiment in a subtropical multi-specific seagrass bed. I used natural history information 
to explain the temporal changes in the plant community structure of a subtropical 
seagrass bed in response to the direct and interactive effects of fertilization and grazing. 
The competitive interactions among species following changes in nutrient supply play a 
critical role in determining the community response to eutrophication. Our results 
emphasize the important role of grazers in buffering moderate eutrophication effects and 
illustrate that shifts in species composition could influence community structure and 
function (Worm et al. 2000). 
Fourqurean et al.’s (2003) species dominance-eutrophication gradient conceptual 
model predicts that the dominant species of primary producers in near-shore marine water 
of South Florida changes with changing nutrient concentration.  The model predicts that 
with increasing nutrient supply, the dominant species will shift from T. testudinum, S. 
filiforme, H. wrightii, R. maritima, macroalgae, and finally to microalgae. I presented a 
model in Chapter 1 stating that this trajectory could be delayed if there are enough 
grazers to prevent the dominance of a few species. In a seagrass bed, I hypothesize that 
the following scenarios could occur: 1) an increase in nutrient loading in the absence of 
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herbivory will lead to the dominance of a species capable of exploiting the increased 
nutrient availability; 2) an increase in grazing pressure without an increase in nutrient 
supply will lead to a decrease in seagrass abundance, and only species that are resistant or 
tolerant to grazing will persist, and 3) the interactive effects of fertilization and simulated 
grazing will prevent one species from dominating the community, i.e. clipping will 
prevent competitive exclusion at higher nutrient supply. 
METHODS 
Site Description 
 
Seagrasses are the dominant primary producer in the coastal areas of South 
Florida. Macroalgal biomass is less than seagrass biomass in this area (Zieman et al 
1989). The three most common seagrass species are Thalassia testudinum, Syringodium 
filiforme, and Halodule wrightii, and the four macroalgal genera that have the greatest 
distribution in Florida Bay are Halimeda, Laurencia, Penicillus and Acetabularia 
(Zieman et al. 1989). Fourqurean et al.’s (2003) species-dominance model predicts that at 
low nutrient availability, T. testudinum will dominate and H. wrightii will dominate at a 
higher nutrient supply. I assume that the background nutrient concentration in the study 
site is in the intermediate range as evidenced by the presence of all three seagrass species. 
There is very low herbivory in the area (personal obs.). 
Experimental design and treatments 
 
 The experiment started in August 2007 and was terminated in July 2009. 
Experimental plots (1 m2) were established in a shallow water (1.5 m) seagrass meadow 
comprised of Thalassia testudinum, Syringodium filiforme, and Halodule wrightii 
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growing in a muddy sand sediment on the southwestern side of Florida Bay (N 24 51.01, 
W 80 53.190). The plots were situated 1 m apart in a 3 x 3 factorial design: 3 fertility 
treatments  (control (C), medium NP (1F) and high NP (2F) x 3 simulated grazing 
intensities (clipping) (0, 25 and 50 % biomass removal of the plot (1G and 2G)) x  5 
replicates for each treatment = 45 plots. Nitrogen was added into the sediment using slow 
release nitrogen fertilizer pellets (PolyonTM, Purcell Technologies inc., 38-0-0) and 
phosphorus was added as granular phosphate rock (MultifosTM, IMC Global, Ca3(PO4)2, 
18%P). Fertilization and simulated grazing were carried out every two months. The 
fertilizer loading rate in the 1F plots was 2.4 mg N day-1 and 80 µg P day-1 and in the 2F 
plots was 4.8 mg N day-1 and 160 µg P day-1. These loading rates are four and eight times 
the nitrogen and phosphorus requirement of T. testudinum, which has the lowest nutrient 
requirement among the three species (Fourqurean et al. 1992).  Since the N and P 
requirement of H. wrightii, which has the highest nutrient requirement among the three 
species, is twice and four times that of T. testudinum (Fourqurean et al. 1992), these 
loading rates ensured that the nutrient requirements of all three species were met. Turtle 
grazing was simulated by clipping of aboveground biomass of the three seagrass species 
with stainless steel garden shears to about 5 cm above the sediment leaving the meristems 
intact. I chose to simulate turtle grazing because turtles have been reported to graze on all 
three seagrass species (Mortimer 1981, Williams 1988). Turtles have also been observed 
to create discrete grazing plots in seagrass beds and return to these plots to harvest new 
growth (Bjorndal 1980). I subdivided the one square meter plot into sixteen 0.25 x 0.25 
cm quadrats. Then I clipped the above-ground biomass in eight and sixteen randomly 
chosen 0.25 x 0.25 qaudrats for the medium (25 %) and high  (50%) grazed plots, 
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respectively. I did not intend to clip the macroalgae but some of them were removed in 
the process of clipping the seagrass leaves. The seagrass leaves were clipped every two 
months.  
Experimental sampling 
 
 The experimental plots were sampled every two months and the following plant 
response variables were measured at all sampling events: abundance of seagrasses and 
macroalgae; morphology and leaf elemental content of T. testudinum and S. filiforme. 
The percent cover of all primary producers (T. testudinum, S. filiforme, H. wrightii, 
Halimeda and Penicillus) per square meter was measured using a modified Braun-
Blanquet method (Braun-Blanquet 1972, Fourqurean et al. 2001).  The result of this 
technique is a score of relative cover, in which cover is defined as the fraction of the 
bottom that is obscured by specific benthic taxa when viewed by a diver from directly 
above. Score values were as follows: 0, absent; 1, <5% cover; 2, 5-25% cover; 3, 25-50% 
cover; 4, 50-75% cover; 5, 75-100% cover. The relative cover of primary producers was 
measured prior to clipping because I was interested in evaluating the responses of the 
plants to simulated grazing. I measured canopy height at three highest points in each plot 
using a ruler. 
 I calculated H (Shannon index) and E (Shannon evenness index ) for each 
treatment.  H was calculated as: H = - Σ (pi *ln pi). The variable pi is the proportion of 
species i in the plot (cover of species i) divided by the total plant cover in the plot and ln 
is the natural log function. E was calculated as: E= H / ln(S); S is the number of species 
per plot. Then I calculated the average number of species per treatment. 
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 At each sampling period, three T. testudinum and 15 S. filiforme shoots were 
collected prior to clipping at each plot, placed in ice and transported to the laboratory. 
Morphological measurements of the leaves of T. testudinum (length and width) and S. 
filiforme (leaf length) were recorded. The epiphytes on the leaf material of each species 
was gently scraped off with a razor blade, and the leaves were dried at 70oC, weighed, 
ground to a fine powder and analyzed for carbon (C), nitrogen (N) and phosphorus (P). I 
did not collect H. wrightii shoots because their small size would require collecting so 
much material that the composition of the plots could be altered. For each species within 
each plot, seagrass leaf material was pooled. Since plant tissue stoichiometry can be used 
as an indicator of the fertility of the ecosystem (Atkinson and Smith 1983), the CNP data 
were used to interpret competitive interactions among the constituent species. Carbon and 
nitrogen content were determined using a CHN analyzer. Phosphorus content was 
determined by a dry-oxidation, acid hydrolysis extraction followed by colorimetric 
analysis (Fourqurean et al. 1992a).  Elemental content and ratios were calculated on a dry 
weight and mole:mole basis, respectively.  
ANALYSIS 
 
 The elemental content, absolute cover of the seagrasses and canopy height were 
tested using a repeated measures ANOVA (time (T), nutrient (F), grazing (G) and 
nutrient x grazing) (Proc GLM in SAS 9.2). If necessary, data were log-transformed to 
achieve normality (Kolmogorov-Smirnoff test) and homogeneity of variances (Bartlett’s 
test). A full factorial 2-way ANOVA was done to compare leaf elemental content, 
absolute cover of the seagrasses and canopy height at each sampling period (nutrient, 
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grazing and nutrient x grazing). For factors with significant effects, I compared means 
using Tukey’s test. The comparison was considered statistically significant at p ≤ 0.05. 
When there was significant interaction between the effects of nutrient addition and 
grazing, means of one factor were compared using Tukey’s test separately at each level 
of the other factor and vice versa. 
RESULTS  
Leaf nutrient content 
 The elemental content of T. testudinum and S. filiforme significantly changed over 
time (p<0.001, time main effect, Table 3.1). The carbon, nitrogen and phosphorus content 
of T. testudinum and S. filiforme showed a marked seasonality (Figures 3.1, 3.2, 3.3, 3.4, 
3.5, 3.6, 3.7, and 3.8, Table 3.2). N and P content of these two species were lower during 
the summer months driving the C:N and C:P ratio to increase. The effects of fertilization 
on the leaf P content of T. testudinum did not vary with time (T x F interaction, p>0.05, 
Table 3.1). The leaf P content of T. testudinum significantly increased after two years of 
fertilization (Figure 3.1b, p=0.015, T x F interaction, Table 3.1) which caused a decrease 
in its C:P ratio (Figure 3.5b, Table 3.2). Leaf N content of T. testudinum did not respond 
to nutrient addition, but there was a significant decrease in its leaf C:N ratio (Figure 3.1a 
and 3.5a, Table 3.2), indicating a possible carbon limitation. There was greater effect of 
fertilization on T. testudinum leaf P content in the 2F plots than in the 1F plots. The leaf P 
content of T. testudinum significantly decreased in the grazed plots with time (Figure 
3.2b, p<0.0001, T x F interaction, Table 3.1) causing a decrease in its C:P ratio (Figure 
3.6b, Table 3.2). The elemental content of T. testudinum did not respond to the interactive 
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effects of fertilization and simulated grazing (Figure 3.3a, b, c, 3.4a, b, c, 3.7a, c, e and 
3.8a, c, e, p>0.05, Table 3.1).  
 The effects of fertilization and grazing on the nutrient content of S. filiforme did 
not vary with time (p>0.05, T x F interaction, T X G interaction, Table 3.1). Nutrient 
addition significantly increased the leaf N content of S. filiforme in May 2008 and 
January 2009 that caused an increased in the C:N ratio (Figure 3.1c, 3.5c, Table 3.2). 
Leaf P content of S. filiforme increased while its C:P ratio significantly decreased in the 
enriched plots from May 2008 to July 2009 (p<0.001, Figure 3.1d, 3.5d, Table 3.1, Table 
3.2). There was a greater effect of nutrient addition on the P content of S. filiforme in the 
2 F plots than in the 1F plots. Grazing increased the leaf N content of S. filiforme in April 
and July 2009 (Figure 3.2c, Table 3.2). The C:N ratio of S. filiforme significantly 
decreased in the grazed plots in January and April 2009 (Figure 3.6c, Table 3.2). The P 
content of S. filiforme decreased in the grazed plots causing an increase in the C:P ratio in 
July 2008 (Figures 3.2d and 3.6d, Table 3.2). There was a greater increase in leaf N and P 
content of S. filiforme in fertilized plots that were not clipped in July 2008 (Figures 3.3d, 
e, f and 3.4d, e, f, Table 3.2) 
Absolute abundance of primary producers 
 
 There was no difference in absolute abundance of all primary producers across all 
treatments at the beginning of the experiment. There was a significant interaction 
between time and the effects of fertilization and simulated grazing on the absolute 
abundance of the primary producers (p<0.001, Time main effect, Table 3.1). The effects 
of fertilization on T. testudinum varied over time (p=0.015, Figure 3.9a, T x F interaction, 
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Table 3.1).  Fertilization across all clipping levels increased the absolute abundance of T. 
testudinum by an average of 15 % and 43 % in the 1F and 2F plots, respectively, from 
March to May 2008 (Figure 3.9a, Table 3.3) but T. testudinum stopped responding to 
fertilization in succeeding sampling periods. 
 Averaged across all clipping levels, fertilization significantly increased the 
absolute abundance of S. filiforme over time (Figure 3.9b, p<0.001,T x F interaction, 
Table 3.3). The absolute abundance of S. filiforme increased by an average of 23% and 
44% in the 1F and 2F plots, respectively,  from July 2008 until July 2009 (p<0.001, 
Figure 3.9b, Table 3.3). H. wrightii did not respond to fertilization until July 2009 in 
which its absolute abundance significantly decreased by 58% and 110 % in the 1F and 2F 
plots, respectively (Figure 3.9c, Table 2). Fertilization increased the absolute abundance 
of Halimeda from May 2009 to July 2009 by an average of 36 % and 65 % in the 1F and 
2F plots, respectively (Figure 3.9d, Table 3). The absolute abundance of Penicillus did 
not respond to fertilization (Figure 3.9e, Table 3.3). Simulated grazing across all levels of 
fertilization did not have any effect on the absolute abundance of T. testudinum, H. 
wrightii, Halimeda and Penicillus (Figure 3.11 a, b, c, f, g, h, 3.12a, b, c, d, e and f, Table 
3.3). The absolute abundance of S. filiforme decreased by an average of 21 % and 23 % in 
the 1F and 2F plots, respectively, across all levels of fertilization from July 2008 until the 
end of the experiment (Figure 3.11b, d, and e, Table 3.3). The response of S. filiforme to 
fertilization varied with grazing regime (Table 3.4). Fertilization had a larger effect on 
the absolute abundance of S. filiforme in the unclipped plots (Figure 3.11c, d, and e, and 
Table 3.4).  
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Number of Species and Species Evenness 
 
 There was a significant effect of time on number of species and evenness (E) 
across all levels of fertilization and simulated grazing (Time main effect, p<0.001, Tables 
3.1). Fertilization decreased number of species with time (p=0.018, Figure 13a, T x F 
interaction, Table 3.1) but species evenness in the fertilized plots did not vary with time 
(Figure 13b, Table 3.1).  There was no significant interaction between time and the 
effects of simulated grazing and the interactive effects of fertilization and simulated 
grazing (T x G, T x F x G, p>0.05, Figure 3. 14, Table 3.1). There was no effect of 
fertilization and simulated grazing on the number of species and species evenness (Table 
3.1). The effects of fertilization on the number of species were greater in the 0G and 1G 
plots (p=0.014, Figure 3. 15, Table 3.1). 
Canopy Height 
 
 There was no significant difference in canopy height across all treatments at the 
beginning of the experiment. There was significant change in the seagrass canopy height 
across all fertilization and simulated grazing treatments over time (p<0.001,Table 3.1). 
The effects of fertilization and simulated grazing on the canopy height increased with 
time (p<0.001, T x F interaction, T x G interaction, Figure 3.16a and b, Table 3.1). 
Averaged across all clipping treatments, fertilization increased canopy height across all 
levels of grazing (p<0.001, Figures 3.16a, table 3.1, 3.5) while simulated grazing 
decreased canopy height across all fertilization treatments from July 2008 to July 2009 
(Figure 3.16b, Table 3.1 and 3.5). There were no interactive effects of grazing and 
fertilization on canopy height: grazing had the same relative effect on canopy height 
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across all levels of fertility and fertilization had the same relative effects across all levels 
of grazing (p>0.05, Figures 3.17, Table 3.1 and Table 3.5).  
DISCUSSION 
 
The results of the two-year enrichment and clipping experiment clearly show that 
fertilization and grazing are important drivers of seagrass community structure. Although 
there is a marked seasonality in the plant responses, the measured variables still showed 
distinct differences in the responses of the different species to the treatments. The lower 
N and P content of T. testudinum and S. filiforme in the summer months suggests a 
greater nutrient demand coinciding with reported high productivity during this period 
(Kerr and Strother 1989, Fourqurean et al. 2001, Enriquez et al. 2004) when there is high 
light availability (Dennison 1987, Abal et al. 1994). The pattern in absolute cover of the 
seagrass species across the experimental plots demonstrates clearly that species 
abundance can be influenced by the direct impacts of fertilization and grazing. It also 
appears that the negative impacts of grazing on the absolute abundance of seagrasses 
were mitigated by fertilization.  
The effects of fertilization on plants in this study are consistent with those 
reported by other studies in which there was an overall increase in plant cover and 
canopy height in the fertilized plots (Feller 1995, Agawin et al. 1996, Udy et al. 1999, 
Armitage et al. 2005). The three seagrass species differed in their response to 
fertilization. The absolute abundance of T. testudinum increased after eight months of 
fertilization but stopped responding after 11 months. It took longer for S. filiforme to 
respond to fertilization. Fertilization increased the absolute abundance of S. filiforme 11 
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months into the experiment, which corresponds to the period that T. testudinum stopped 
responding to the increase in nutrient supply. This suggests that S. filiforme became 
competitively dominant over that of T. testudinum, a species with a higher light 
requirement.  Fertilization could increase nutrient availability over time which would 
favor fast growing speices with higher nutrient requirement. Experimental work in 
Florida Bay has demonstrated that phosphorus retention in the system could exceed 100% 
of the P added as fertilizer and remain in the system for decades (Herbert and Fourqurean 
2008, Armitage et al. 2011). The increase in the leaf P content of T. testudinum two years 
into the experiment without an associated increase in abundance indicates that it was not 
utilizing the available P because of light limitation.  
The increase in canopy height in the fertilized plots was largely due to the vertical 
rhizomes of S. filiforme that can extend above the sediment surface into the water column 
allowing it to form dense stands (Kenworthy and Schwarzschild 1998) and shade the 
other species. The smaller species, H. wrightii, decreased in abundance after two years, 
suggesting that it was outcompeted for light and space. In contrast, other long term 
fertilization studies in Florida Bay showed that H. wrightii outcompeted T, testudinum in 
the absence of S. filiforme (Fourqurean et al. 1995, Armitage et al. 2011). Burd and 
Dunton (2001) reported that light was a major factor controlling H. wrightii productivity. 
Light addition to the understory of a fertilized experimental grassland plant community 
maintained plant diversity (Hautier et al. 2009), thus providing evidence that competition 
for light is a major mechanism of species loss after eutrophication. So an unabated 
increase in nutrient enrichment could lead to low species diversity.  
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The increase in the absolute abundance of the macroalgae Halimeda in the 
fertilized plots could be due to the reported capacity of Halimeda to take advantage of 
episodic nutrient supply and this species’ low light requirement to reach the 
photosynthetic compensation point (Littler et al. 1988). Furthermore, the results of a 
study by Davis and Fourqurean (2001) suggest that Halimeda competes with seagrasses 
for nutrients more than for light. Penicillus was not affected by fertilization.  
The absolute abundance of S. filiforme decreased in the clipped plots a year after 
the start of the experiment but there was no effect on T. testudinum, Halimeda and 
Penicillus. A simulated grazing study in Puerto Rico reported a similar lack of response 
to grazing by T. testudinum (Moran and Bjorndal 2005). The decrease in abundance of S. 
filiforme in the clipped plots corresponds with the decrease in its leaf N and P. The 
delayed effect of simulated grazing on S. filiforme may be due to the two month interval 
between grazing events that gave the plants ample time to recover. Furthermore, 
seagrasses are capable of translocating resources between photosynthetic shoots along the 
rhizome (Terrados et al. 1997, Marba et al. 2002); unclipped plants in the plots can 
subsidize clipped plants. The decrease in the abundance of S. filiforme in the clipped plots 
may also be due to its lower carbon uptake rate (1.74 (± 0.26) C gDW-1 h-1) compared to 
H. wrightii (2.33 (±0.28) C gDW-1 h-1) and T. testudinum (2.02 (± 0.12) C gDW-1 h-1) 
(Zieman et al. 1989). Carbon-limitation in S. filiforme was probably exacerbated by the 
loss of leaves due to clipping. This is evident in the reduced absolute growth rate of S. 
filiforme in the clipped plots (Chapter 2). The increase in the leaf N of S. filiforme in 
April 2009 in the clipped plots may have been due to its flowering (Chapter 4). It may 
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have allocated more N to the leaves to meet the increased demands of sexual 
reproduction. Nutrients are allocated preferentially to areas of greatest meristematic 
activity as determined by growth stage (Chapin 1980). 
Halodule wrightii, which decreased in abundance in the fertilized plots, was not 
affected in the grazed plots; this suggests that clipping of the larger species, T. testudinum 
and S. filiforme allowed the smaller species H. wrightii to persist. The decrease in the 
canopy height in the clipped plots allows more light to reach the smaller species. 
Simulated grazing had no significant effect on the absolute abundance of the T. 
testudinum, Halimeda and Penicillus. This result lends support to the prediction of the 
intermediate disturbance hypothesis model (Connell 1978, 1983) that removal of the 
dominant species would allow more species to coexist. An herbivore exclosure 
experiment in a heather moorland led to strong competition for light as the heather 
canopy closed (Alonso and Hartley 1998).  
The decrease in the absolute abundance of S. filiforme in the plots that were both 
enriched and clipped suggest that S. filforme requires a high nutrient supply to recover 
from grazing and is not efficient in competing for nutrients with T. testudinum, a species 
that has an extensive rhizome system, and the fast growing H. wrightii. Williams (1987) 
reported that aboveground productivity of S. filiforme was limited by belowground 
competition for nutrients with T. testudinum. The decrease in the abundance of S. filforme 
allowed the smaller and fast growing species, H. wrightii to take advantage of the 
increase in nutrient supply and light availability.  
 The decrease in the number of species with time in the fertilized plots reflects the 
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changes in the abundances of the primary producers. Fertilization could change the 
composition of a community (Grime 2001) by allowing plants that are adapted to acquire 
resources efficiently to dominate (Tilman 1990, Rajaniemi 2002). The results of most 
experiments in which production has been increased by enrichment of soil resources have 
shown a corresponding decline in species diversity (Goldberg and Miller 1990, Fridley 
2002) and the mechanism generally presumed to cause the decrease in species richness is 
an increased intensity of competition at higher plant biomass (Grime 1979, Huston 1979, 
Tilman 1988, Huston 1994). A decrease in species diversity could negatively impact 
ecosystem functioning (reviewed in Schwartz et al., 2000, Cottingham et al., 2001, 
Loreau et al., 2001). The decrease in species diversity could also lead to a loss of 
structural diversity, which is an important component of the seagrass bed as a habitat, 
breeding area and nursery for marine organisms (Heck et al. 1995, Guidetti and Bussotti 
2002).  Thus, maintaining greater species diversity in a seagrass bed will increase its 
productivity and structural complexity as a habitat. The vertical growth habit of S. 
filiforme and T. testudinum can form tall, multilayered canopies, which influence local 
hydrodynamics, promote sedimentation, and provide refuge for marine organisms (Heck 
1977, Kenworthy and Schwarzschild 1998, Koch 1999, van Keulen and Borowitzka 
2002). Greater species diversity would also enhance the resilience and recovery of the 
community after a disturbance. A more diverse ecosystem containing species that 
respond differently to multiple stressors would make the ecosystem more stable (Loreau 
et al. 2003, Hooper et al. 2005).   
In this study simulated grazing had no consistent effect on the number of species 
and species evenness across all fertilization treatments. At high simulated grazing rates, 
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increased fertility allowed the species to coexist.  Grazing prevented competitive 
exclusion through biomass removal of the dominant species (Lubchenco 1975, Proulx 
and Mazumder 1998). However, an intense grazing regime could also reduce productivity 
and structural complexity of a seagrass meadow. Although the effects of fertilization 
seem to alleviate the negative impacts of simulated grazing in this study, this might not 
be true under conditions where there are herbivores that would prefer to feed on plants 
with high nutrient content. Under these conditions, fertilization can then exacerbate or 
increased the relative impact of grazing. Grazing studies have shown enhanced grazing 
by herbivores on fertilized plants (McGlathery 1995, Silliman and Zieman 2001, 
Armitage and Fourqurean 2006).  An increase in the diversity of the grazers could lead to 
differential grazing on the different species therefore allowing more species to coexist 
because not one species is decimated by the herbivores. In addition, primary productivity 
changes with plant community composition and is, therefore, strongly affected by plant 
species replacement due to herbivore preference (de Mazancourt and Loreau 2000).  
Species-specific responses to treatments were in part predictable as a function of 
plant life form and nutrient requirement. The smaller, fast growing species H. wrightii 
was favored by the combined fertilization and clipping treatment.  T. testudinum, which 
has a low nutrient requirement and extensive root and rhizome system, was not 
negatively affected by fertilization and grazing. The slow response of T. testudinum to 
environmental stress could be a result of its stored starch reserves in its extensive robust 
rhizome system (Zieman 1975) and the other species has to build up enough biomass to 
outcompete T. testudinum (Fourqurean et al. 1995). Syringodium filiforme, which can 
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branch out and form a tall canopy, dominated in the fertilized plots but was not as 
competitive in the plots that were both grazed and enriched. Although the time frame of 
this experiment was not long enough to observe large shifts in the community structure, 
the species-specific responses to fertilization, simulated grazing and the interactive 
effects of fertilization and simulated grazing allowed us to predict the future trajectory of 
seagrass community composition. Changes in the community composition of the seagrass 
bed in response to increased nutrient supply will follow the trajectory predicted by the 
seagrass replacement model (Fourqurean et al. 2004). Simulated grazing prevented 
competitive exclusion in the fertilized plots by the removal of the dominant species. This 
provides support to our model (Chapter 1) that predicts that the interactive effects of 
fertilization and grazing would delay the trajectory predicted by Fourqurean’s (2004) 
model. 
Nutrient addition and simulated grazing both exerted strong control on plant 
performance in this seagrass bed. In addition, neither bottom up nor top down influences 
were eliminated in treatments where both factors were present. The effects of fertilization 
on plant performance were marked under all clipping intensities indicating that the 
system is regulated by nutrient availability both in the presence or absence of grazers. 
Clipping effects were strong under both fertilized and unfertilized conditions indicating 
that the seagrass bed can be simultaneously under top-down control by grazers. 
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Table 3.1. Repeated measures analysis of variance of the effect of nutrient and simulated 
grazing on response variables measured for two years. Significant effects (defined as p ≤ 
0.05) are designated in boldface type. Time (T), Fertilization (F), Simulated grazing (G) 
 
Variables                                      Source                             F 45,2                     P 
T. testudinum 
Absolute abundance 
Within subjects T 9.34 <0.001 
 T x F 2.1 0.015 
 T x G 1.55 0.1 
 T x F x G  1.28 0.15 
 F 1.2 0.31 
Between subjects G 0.25 0.77 
 F x G 0.58 0.68 
Leaf  N content 
Within subjects T 40.45 <0.001 
 T x F 0.42 0.97 
 T x G 1.32 0.24 
 T x F x  G  1.33 0.15 
Between subjects F 1.96 0.16 
 G 0.23 0.79 
 F x G 1.05 0.4 
Leaf P content 
Within subjects T 28.89 <0.001 
 T x F 1.35 0.23 
 T x G 2.38 0.017 
 T x F x  G  0.89 0.64 
Between subjects F 1.32 0.29 
 G 1.24 0.31 
 F x G 0.64 0.64 
Leaf CN ratio 
Within subjects T 42.37 <0.001 
 T x F 0.47 0.94 
 T x G 1.04 0.44 
 T x F x  G  1.37 0.14 
Between subjects F 3.01 <0.001 
 G 0.51 0.61 
 F x G 1.42 0.26 
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Leaf CP ratio 
Within subjects T 77.39 <0.001 
 T x F 1.4 0.19 
 T x G 1.53 0.14 
 T x F x  G  0.85 0.69 
Between subjects F 1.66 0.21 
 G 1.3 0.29 
 F x G 0.44 0.78 
S. filiforme 
Absolute abundance 
Within subjects T 26.42 <0.001 
 T x F 2.89 <0.001 
 T x G 1.25 0.25 
 T x F x  G  1.01 0.47 
Between subjects F 10.12 <0.001 
 G 6.18 0.005 
 F x G 2.33 0.075 
Leaf  N content 
Within subjects T 46.94 <0.001 
 T x F 1.23 0.29 
 T x G 1.56 0.13 
 T x F x  G  0.47 0.99 
Between subjects F 5.07 0.015 
 G 0.34 0.72 
 F x G 0.35 0.84 
Leaf P content 
Within subjects T 20.67 <0.001 
 T x F 1.12 0.38 
 T x G 1.54 0.14 
 T x F x  G  0.76 0.81 
Between subjects F 17.71 <0.001 
 G 0.09 0.92 
 F x G 0.89 0.49 
Leaf CN ratio 
Within subjects T 39.19 <0.001 
 T x F 1.56 0.13 
 T x G 1.24 0.29 
 T x F x  G  0.75 0.82 
Between subjects F 9.35 <0.001 
 G 3.05 0.06 
 F x G 0.15 0.96 
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Leaf CP ratio    
Within subjects T 8.07 <0.001 
 T x F 1.19 0.32 
 T x G 0.62 0.84 
 T x F x  G  0.63 0.93 
Between subjects F 26.37 <0.001 
 G 0.89 0.43 
 F x G 0.52 0.72 
H. wrightii 
Absolute abundance 
Within subjects T 2.57 0.009 
 T x F 1.76 0.079 
 T x G 0.67 0.76 
 T x F x  G  0.67 0.76 
Between subjects F 0.17 0.69 
 G 0.17 0.69 
 F x G 0.29 0.61 
Halimeda 
Absolute abundance 
Within subjects T 5.96 0.006 
 T x F 1.29 0.28 
 T x G 1 0.49 
 T x F x  G  0.87 0.67 
 F 0.29 0.75 
Between subjects G 7.22 0.005 
 F x G 2.72 0.06 
Penicillus 
Absolute abundance 
Within subjects T 3.02 0.015 
 T x F 1.05 0.44 
 T x G 0.62 0.64 
 T x F x  G  1.21 0.64 
Between subjects F 4.9 0.014 
 G 0.06 0.94 
 F x G 0.36 0.84 
Number of species    
Within subjects T 6.25 <0.001 
 T x F 2.04 0.018 
 T x G 1.22 0.28 
 T x F x G 1.01 0.46 
Between subjects F 1.15 .045 
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 G 0.89 .53 
 F x G 5.11 0.014 
E    
Within subjects T  6.16 <0.001 
 T x F 1.66 0.018 
 T x G 1.05 0.39 
 T x F x G 1.52 0.022 
Between subjects F 2.41 0.11 
 G 1.60 0.21 
 F x G 0.66 0.62 
Canopy height 
Within subjects T 44.16 <0.001 
 T x F 3.05 <0.001 
 T x G 3.23 <0.001 
 T x F x  G  1.16 0.26 
Between subjects F 49.24 <0.001 
 G 15.25 <0.001 
 F x G 0.48 0.75 
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Table 3.2. ANOVA results of effects of nutrients and grazing on the absolute abundance 
of primary producers measured during the 24-month fertilization and grazing experiment. 
Significant effects (defined as p ≤ 0.05) are designated in boldface type. 
 
Response variables                Nutrient   (F)                  Grazing   (F)                      F x G 
                                                  F45,2               P           F 45, 2            P               F 45,4            p 
 
Mar-08 
Absolute abundance 
T. testudinum 8.45 0.001 2.59 0.09 0.44 0.78 
S. filiforme 0.4 0.67 0.64 0.53 1.26 0.31 
H. wrightii 3.72 0.07 0.09 0.91 0.49 0.63 
Halimeda 4.56 0.018 0.23 0.79 1.07 0.39 
Penicillus 0.97 0.39 0.77 0.47 0.9 0.47 
0May-08 
Absolute abundance 
T. testudinum 4.58 0.017 0.14 0.87 0.24 0.91 
S. filiforme 3.14 0.15 2.02 0.15 1.46 0.23 
H. wrightii 0.88 0.44 0.94 0.49 0.89 0.44 
Halimeda 3.75 0.34 1.89 0.16 0.35 0.84 
Penicillus 0.44 0.07 0.53 0.59 0.01 1.00 
Jul-08 
Absolute abundance 
T. testudinum 1.59 0.22 0.4 0.22 0.31 0.87 
S. filiforme 7.18 0.002 4.06 0.026 1.58 0.2 
H. wrightii 1.31 0.29 2.77 0.13 3.74 0.04 
Halimeda 0.69 0.51 0.12 0.88 0.49 0.74 
Penicillus  1.6 0.22 1.6 0.22 0.8 0.53 
Sep-08 
Absolute abundance 
T. testudinum 1.62 0.21 0.23 0.79 1.15 0.35 
S. filiforme 6.88 0.003 3.35 0.046 1.24 0.31 
H. wrightii 0.47 0.63 0.39 0.68 0.78 0.52 
Halimeda 0.38 0.69 2.13 0.13 2.26 0.08 
Penicillus 2.47 0.09 0.47 0.63 0.33 0.85 
Nov-08 
Absolute abundance 
T. testudinum 0.05 0.95 0.84 0.43 0.76 0.56 
S. filiforme 20.22 <0.001 10.67 <0.001 1.56 0.21 
H. wrightii 0.97 0.39 0.19 0.82 0.51 0.68 
Halimeda 2.81 0.07 0.56 0.58 1.63 0.19 
Penicillus  0.06 0.94 2.31 0.12 0.28 0.89 
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Jan-09 
Absolute abundance 
T. testudinum  1.54 0.23 0.52 0.6 0.77 0.55 
S. filiforme 10.75 <0.001 5.25 0.01 2.88 0.036 
H. wrightii 2.56 0.11 1.15 0.34 0.47 0.71 
Halimeda 2.67 0.08 0.1 0.9 0.88 0.49 
Penicillus  4.01 0.027 3.51 0.04 0.49 0.75 
Apr-09 
Absolute abundance 
T. testudinum 0.78 0.47 0.05 0.95 0.63 0.64 
S. filiforme 9.59 <0.001 5.03 0.012 1.1 0.37 
H. wrightii 1.01 0.38 0.48 0.62 0.61 0.62 
Halimeda 2.6 0.09 0.25 0.78 1.52 0.22 
Penicillus 3.11 0.06 0.11 0.89 1.09 0.37 
May-09 
Absolute abundance 
T. testudinum 1.92 0.16 0.16 0.85 1.15 0.35 
S. filiforme 39.47 <0.001 6.67 0.003 3.67 0.013 
H. wrightii 2.30 0.13 0.05 0.95 0.65 0.63 
Halimeda 5.55 0.008 1.03 0.37 3.25 0.02 
Penicillus 5.3 0.01 0.17 0.85 0.39 0.81 
Jul-09 
Absolute abundance 
T. testudinum 1.08 0.35 1.08 0.35 0.46 0.77 
S. filiforme 20.67 <0.001 12.67 <0.001 3.01 0.03 
H. wrightii 5.36 0.016 0.88 0.43 0.65 0.63 
Halimeda 8.66 0.001 0.01 0.99 2.15 0.09 
Penicillus  0.73 0.49 0.41 0.67 0.61 0.66 
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Table 3.3. ANOVA results on the effects of grazing on the absolute cover of S. filiforme 
at different fertilization regimes. Significant effects (defined as p ≤ 0.05) are designated 
in boldface type. 
 
 
Time                         0F                                     1F                                          2F 
                         F15,2                     P                   F15,2                    P                       F15,2                   P                  
Jul-08  2.8           0.1 5.7            0.026 0.12          0.89 
 
Sep-08 0.29          0.76 4.77          0.03 0.14          0.87 
 
Nov-08 0.4            0.68  17.2        < 0.001 4.57          0.03 
 
Jan-09 0.6            0.56 11.2            0.002 2.89          0.09 
 
Apr-09 0.22          0.80 5.56          0.02 1.64          0.24 
 
May-09 3.43          0.07 3.38          0.07 8.86          0.004 
    
Jul-09 4.8            0.029 7.91          0.006 3.46          0.06 
 
 
Table 3.4 . ANOVA results of effects of nutrients and grazing on canopy height measured during 
the 24 month fertilization and grazing experiment. Significant effects (defined as p ≤ 0.05) are 
designated in boldface type. 
 
 
Canopy                Nutrient   (F)                     Grazing   (G)                        F x G 
Height               F45,2                P                  F45,2                        P                      F45,4                      P                  
Jul-08 5.76        0.007 5.39      0.009 1.78   0.15 
Sep-08 25.31   <0.001 8.88      0.001 0.54   0.70 
Nov-08 28.09   <0.001 9.91   <0.001 0.67   0.62 
Jan-09 35.34   <0.001 16.81   <0.001 0.08   0.98 
Apr-09 35.89   <0.001 14.13    <0.001 0.10    0.98 
May-09 39.27    <0.001 14.83    <0.001 0.14   0.97 
Jul-09 65.56    <0.001 29.08    <0.001 0.72   0.59 
58 
 
 
  
T
.
 
t
e
s
t
u
d
i
n
u
m
 
 
l
e
a
f
 
 
N
 
c
o
n
t
e
n
t
 
(
%
)
1.6
1.8
2.0
2.2
2.4
2.6
T
.
 
t
e
s
t
u
d
i
n
u
m
 
l
e
a
f
 
 
P
 
c
o
n
t
e
n
t
 
(
%
)
0.06
0.08
0.10
0.12
0.14
0.16
0F
1F
2F 
1/1/08  5/1/08  9/1/08  1/1/09  5/1/09  9/1/09  
S
.
 
f
i
l
i
f
o
r
m
e
 
 
l
e
a
f
 
 
N
 
c
o
n
t
e
n
t
 
(
%
)
1.6
1.8
2.0
2.2
2.4
2.6
2.8
3.0
1/1/08  5/1/08  9/1/08  1/1/09  5/1/09  9/1/09  
S
.
 
f
i
l
i
f
o
r
m
e
 
 
l
e
a
f
 
 
P
 
c
o
n
t
e
n
t
 
(
%
)
0.06
0.07
0.08
0.09
0.10
0.11
Figure 3.1. The effects of fertilization on (A) T. testudinum leaf N, (B) T. testudinum leaf P, (C) S. filiforme leaf N and (D) S. filiforme leaf P 
content as a percent of dry weight (means ± standard error). Asterisks indicate significant difference among treatments. (p<0.05, Tukey’s 
HSD test) 
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Figure 3.2. The effects of simulated grazing on (A) T. testudinum leaf N, (B) T. testudinum leaf P, (C) S. filiforme leaf N and (Dd) S. filiforme leaf P 
content as a percent of dry weight (means ± standard error). Asterisks indicate significant difference among treatments.  (p<0.05, Tukey’s HSD test) 
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CHAPTER 4: THE EFFECTS OF FERTILIZATION AND SIMULATED GRAZING 
ON THE FLOWERING OF THE SEAGRASS SYRINGODIUM FILIFORME 
(KÜTZING)  
 
INTRODUCTION 
 
Seagrasses are marine flowering plants that grow fully submerged and have 
important ecological roles in coastal ecosystems (Costanza et al. 1997). Seagrasses have 
evolved distinct morphological, physiological and ecological adaptations to a completely 
submerged habit, including submarine pollination, marine dispersal internal gas transport 
and epidermal chloroplasts, (den Hartog 1970, Les et al. 1997). Seagrasses are capable of 
two modes of regeneration: sexual reproduction through seed and vegetative propagation 
(Hemminga and Duarte 2000). Seagrasses produce rhizomes with differentiated 
meristematic tissue enabling them to grow vegetatively along both horizontal and vertical 
axes (Tomlinson 1974, Duarte et al. 2006). Even though rates of sexual reproduction may 
be low in most seagrasses (Tomlinson 1974, Duarte et al. 2006), sexual reproduction in a 
clonal plant is important because it improves the quality of new clones, allows genetic 
variation and dispersal (Holderegger et al. 1998, Vallejo-Marin et al. 2010). Genetic 
diversity could increase the population’s resilience and recovery from a disturbance 
(Hughes and Stachowicz 2004).  
Syringodium filiforme is an important subtropical seagrass widely distributed 
throughout the southeastern U.S., Gulf of Mexico, and Caribbean Sea. It has highly 
differentiated rhizome architecture (Tomlinson 1974) and a relatively fast horizontal 
growth rate (Gallegos et al. 1994). The vertical stem of the S. filiforme population in 
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Florida Bay grows an average of 17 cm yr-1 (Kenworthy and Schwarzschild 1998). Short 
et. al. (1993) reported that S. filiforme produced an average of 32 new shoots per year and 
78 cm of rhizome per year under experimental mesocosm conditions.  
Reproductive processes in plants are usually synchronized with favorable seasons 
of the year (Yanovsky and Kay 2003) and floral initiation adjusted in response to day 
length and low temperature (Lang 1952).  Syringodium filiforme, a dioecious plant (Cox 
et al. 1990) has been reported to flower from January to June in the Gulf of Mexico and 
which could be related to the winter temperature minima ranging from 22-24oC 
Caribbean (McMillan 1980b, Johnson and Williams 1982). Flowering in S. filiforme 
under controlled laboratory conditions was inhibited by shortening of day lengths to 11 
hours (McMillan 1980). Entire short shoots of S. filiforme transform from vegetative 
short shoots to sexual, flowering short shoots (Kenworthy and Schwarzschild 1998). This 
appears to be a terminal event, as un-branched short shoots that flower have been 
observed to die soon after release of pollen or after seeds dropped (Kenworthy and 
Schwarzschild 1998). In Jack Bay, St. Croix (1981) found that the number of 
inflorescences of S. filiforme ranged from 250 to 1750 m-2. 
Flowering frequency in seagrasses is highly variable among seagrass beds and the 
causes of this spatial variation are presently unknown but may be influenced by genetic 
variation or shoot age (Balestri and Vallerini 2003), distribution of active meristems, 
small-scale environmental changes or by temperature (McMillan 1980b, Marbà and 
Walker 1999, Campey et al. 2002, Diaz-Almela et al. 2007). McMillan (1980b) 
demonstrated that temperature is a major control of flowering in S. filiforme in a 
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mesocosm experiment. The high variability in flowering frequency among different 
seagrass beds and the non-flowering of clones in the lab grown under inductive 
temperature and photoperiod conditions suggest that nutrient conditions may also play a 
role in flowering (McMillan 1976, 1980a, Gobert et al. 2005).  
Several factors may directly or indirectly affect sexual reproduction in clonal 
plants, for example light, nutrient availability, disturbance, competition and herbivory 
(Durako and Moffler 1987, Wilson and Tilman 1991, Vilà and Terradas 1995, Piazzi et 
al. 2000, Gobert et al. 2005, Diaz-Almela et al. 2007, Brys et al. 2010). These factors 
could also influence resource allocation between vegetative growth and sexual 
reproduction (Abrahamson 1980, Loehle 1987, Lovett Doust 1989). Trade-off between 
these two reproductive modes could influence how the plant population will respond to 
changes in environmental conditions. To date, there is a very little information available 
on the effects of changing nutrient availability and herbivory on seagrass flowering. 
Seagrass beds have been subjected to increased nutrient and sediment runoff, 
hydrological alterations, and detrimental commercial fishing practices in recent years 
(Orth et al. 2006).  For example, seagrass decline has been attributed to nutrient 
enrichment that leads to light reduction through stimulation of algal growth (Duarte 1995, 
Deegan et al. 2002). This is further exacerbated by the loss of large consumers by 
overfishing (Jackson 2001). With the recognition that sexual reproduction is important in 
maintaining genetic diversity, it is important to investigate the effects of increased 
nutrient loading and herbivore loss on the flowering of seagrasses. 
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In this study, I assessed if vegetative and sexual reproduction in S. filiforme 
changed with nutrient availability and simulated herbivory in a mixed subtropical 
seagrass bed. I quantified the effect of fertilization, simulated grazing and the interaction 
between fertilization and simulated grazing on a) absolute abundance of the seagrasses; 
b) the carbon, nitrogen and phosphorus content of T. testudinum leaves and S. filiforme 
leaves and flowers; c) number of flowering shoots of S. filiforme per square meter; d) 
number of flowers per shoot produced by S. filiforme; b) the male:female floral sex ratio.  
METHODS 
 
 The experiment started in August 2007 and was terminated in July 2009. 
Experimental plots (1 m2) were established in a shallow water (1.5 m) seagrass meadow 
comprised of Thalassia testudinum, Syringodium filiforme, and Halodule wrightii 
growing in a muddy sand sediment on the southwestern side of Florida Bay (N 24 51.01, 
W 80 53.190). The plots were situated 1 m apart in a 3 x 3 factorial design: 3 fertility 
levels (control (C), medium NP (1F) and high NP (2F) x 3 grazing levels (0, 25 and 50 % 
biomass removal (1G and 2G)) x 5 replicates for each treatment = 45 plots. Nitrogen was 
added into the sediment using slow release nitrogen fertilizer pellets (PolyonTM, Purcell 
Technologies inc., 38-0-0) and phosphorus was added as granular phosphate rock 
(MultifosTM, IMC Global, Ca3(Po4)2, 18%P). Fertilization and simulated grazing were 
carried out every two months. The fertilizer loading rate in the 1F plots was 2.4 mg N 
day-1 and 80 µg P day-1 and in the 2F plots was 4.8 mg N day-1 and 160 µg P day-1. These 
loading rates are four and eight times the nitrogen and phosphorus requirement of T. 
testudinum, which has the lowest nutrient requirement among the three species 
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(Fourqurean et al. 1992).  Since the N and P requirement of H. wrightii, which has the 
highest nutrient requirement among the three species, is twice and four times that of T. 
testudinum (Fourqurean et al. 1992), these loading rates will ensure that the nutrient 
requirements of all three species are met. Turtle grazing was simulated by clipping of 
aboveground biomass of the three seagrass species with stainless steel garden shears to 
about 5 cm above the sediment leaving the meristems on the horizontal rhizomes intact. . 
I chose to simulate turtle grazing because turtles have been reported to graze on all three 
seagrass species (Mortimer 1981, Williams 1988). Turtles have also been observed to 
create discrete grazing plots in seagrass beds and return to these plots to harvest new 
growth (Bjorndal 1980). I subdivided the one square meter plot into sixteen 0.25 x 0.25 
cm quadrats. Then I clipped the above-ground biomass in eight and sixteen randomly 
chosen 0.25 x 0.25 qaudrats for the medium (25 %) and high (50%) grazed plots, 
respectively.  
 In April 2009, S. filiforme in the experimental plots flowered and so I counted the 
number of flowering and non-flowering shoots of S. filiforme in three 25 x 25 cm 
quadrats in each experimental plot. Then I collected 5-10 inflorescences in each 25 x 25 
cm quadrat, stored them in ice and transported them back to the laboratory. I counted the 
number of flowers on each inflorescence and determined if the inflorescence was male or 
female. I also collected shoots of S. filiforme and T. testudinum for morphological 
measurements of the leaves and CNP analysis. The seagrass shoots were collected prior 
to clipping because I was interested in evaluating the responses of the plants to grazing. 
The epiphytes on the leaf material of each species were gently scraped off with a razor 
blade. The flowers and leaves were dried at 70oC, weighed, ground to a fine powder and 
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analyzed for carbon (C), nitrogen (N) and phosphorus (P). For each species within each 
plot, seagrass leaf material was pooled. Carbon and nitrogen content were determined 
using a CHN analyzer. Phosphorus content was determined by a dry-oxidation, acid 
hydrolysis extraction followed by colorimetric analysis (Fourqurean et al. 1992a).  
Elemental content and ratios were calculated on a dry weight and mole:mole basis, 
respectively.  
ANALYSIS 
 
 The effects of fertilization and grazing on the leaf elemental content, leaf 
morphology, number of flowers per shoot, number of flowering shoots per square meter, 
percent flowering shoots of S. filiforme and absolute cover of the seagrasses were tested 
using a full factorial 2-way ANOVA (nutrient, grazing and nutrient x grazing) (Proc 
GLM in SAS 9.2). If necessary, data were log-transformed to achieve normality 
(Kolmogorov-Smirnoff test) and homogeneity of variances (Bartlett’s test). For factors 
with significant effects, I compared means using Tukey’s test. The comparison was 
considered statistically significant at p ≤ 0.05. 
RESULTS 
Absolute abundance of seagrasses 
 
 Fertilization and simulated grazing had no significant effect on the absolute 
abundance of T. testudinum and H. wrightii in our experimental plots at the time of 
sampling (Figure 4.1a and c, Table 4.1).  The absolute abundance of S. filiforme 
increased by 39 and 64 % in the 1F and 2F plots, respectively (Figure 4.1b, Table 4.1).. 
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Clipping decreased the absolute abundance of S. filiforme by 24 and 45 % in the 1G and 
2G plots (Figure 4.1b, Table 4.1). There were no interactive effects of simulated grazing 
and fertilization on the on the absolute abundance of the three seagrass species: grazing 
had the same relative effect on absolute abundance across all levels of fertility and 
fertilization had the same relative effects across all levels of grazing (Figure 4.1, Table 
4.1).  
Syringdium filiforme leaf length and leaf mass 
 
 The leaf length of S. filiforme was 17% and 15 % longer in the 1F and 2F plots, 
respectively than in the control plots (Figure 4.2a, Table 4.1). The leaf mass per short 
shoot of S. filiforme increased by 6% and 50% in the 1F and 2F plots, respectively 
(Figure 4.2b, Table 4.1). Simulated grazing decreased the leaf length of S. filiforme by 
10% and 17% in the 1G and 2G plots, respectively but had no effect on its leaf mass 
(Figure 4.2a and b, Table 4.1). There were no interactive effects of grazing and 
fertilization on the leaf length and leaf mass of S. filiforme: grazing had the same relative 
effect on leaf length and leaf mass across all levels of fertility and fertilization had the 
same relative effects across all levels of grazing (Figure 4.2a and b, Table 1).   
CNP content of S. filiforme leaf and flowers 
 
 Fertilization had no significant effect on the leaf and flower N content of S. 
filiforme (Figure 4.3a and b, Table 1). Clipping increased leaf N content of S. filiforme by 
9 and 12 % in the 1G and 2G plots (Figure 4.3a, Table 1). The flower N content S. 
filiforme in the 1G and 2G plots were 5 and 12 % higher, respectively than in the control 
plots (Figure 4.3b, Table 1). The leaf P content of S. filiforme increased by 13 and 23 % 
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in the 1F and 2F plots, respectively while clipping had no significant effect on leaf P 
content of S. filiforme (Figure 4.3b, Table 4.1) There was no interactive effect of 
fertilization and clipping on leaf and flower N content of S. filiforme (Figure 4.3c, Table 
4.1). The P content of the flowers did not respond to any of the treatments (Figure 4.4, 
Table 4.1). 
Syringodium filiforme flower 
Fertilization decreased the percent flowering of S. filiforme shoots by 21% and 68 
% in the 1F and 2F plots, respectively but had no effect on the number of flowers per 
shoots and the number of flowering shoots per square meter (Figure 4.4a, b and c, Table 
4.1).  Seven, six and four percent of the shoots in the control, 1F and 2F plots flowered, 
respectively. Clipping decreased percent flowering by 92% and 210 % in the 1G and 2G 
plots, respectively (Figure 4.4a, Table 1). The number of flowering shoots per square 
meter was 147% and 780 % lower in the 1G and 2G plots, respectively than the control 
plots (Figure 4.4c, Table 1). The number of flowers per shoot decreased by 100% and 
233% in the 1G and 2G plots, respectively (Figure 4.4b, Table 1). The number of flowers 
per shoot in S. filiforme responded to the interactive effects of fertilization and grazing 
(Figure 4.4a, b and c, Table 4.1). The number of flowers per shoot was greater in the 
fertilized but unclipped plots (p=0.012, Figure 4.4a, b and c,). I only found female 
flowers. 
DISCUSSION 
 
This study showed that vegetative growth and sexual reproduction could be 
significantly affected by nutrient availability and grazing. Although nutrient addition did 
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not affect the absolute abundance of T. testudinum and H. wrightii, it increased the leaf 
mass, leaf length and absolute abundance S. filiforme in the enriched plots. A similar 
increase in aboveground biomass of S. filiforme was reported in a fertilization experiment 
in the Carribean and Florida Keys (Williams 1987, Armitage et al. 2011).  
Species often time their sexual reproduction with periods of environmental 
uncertainty, and reproduce asexually when conditions are more favorable (Loehle 1987, 
Silvertown 2008). The increase in the shoot abundance of S. filiforme in the fertilized 
plots, with no concomitant increase in inflorescence production supports this view. The 
plants invested more on vegetative growth, which is less costly than sexual reproduction 
and allows the plant to expand faster and be more competitive (Loehle 1987). Nutrient 
addition in a Mediterranean shrub community caused an increase in biomass allocation to 
new sprouts, but decreased the frequency of sprout flowering (Vilà and Terradas 1995). 
Fertilization could increase competition between T. testudinum and S. filiforme for light 
and space (Williams 1987(Ferdie and Fourqurean 2004)), so it is advantageous to invest 
resources in shoot production rather than on inflorescence production. Plants increase 
their capacity to acquire more resources as they build above- and belowground material 
(Watson 1984a).  
A trade-off in meristem allocation between flowering and vegetative growth is 
particularly conspicuous in plants with determinate inflorescences (Watson 1984a, Huber 
and During 2000). When the apical meristem of a tiller develops into a floral primordium, 
the tiller becomes unavailable for vegetative growth, and dies after reproduction. It could 
be expected that intense flowering could negatively impact vegetative growth of a plant 
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as sexual reproduction involves a loss of existing meristems. The increase in the number 
of flowers per shoot in fertilized plots that were unclipped could be a mechanism to 
increase sexual reproduction without increasing shoot mortality due to reproduction.  
Gobert et al. (2005) reported that the leaf N and P content of non-flowering shoots 
of Posidonia oceanica was greater than in flowering shoots but the N and P content of 
inflorescences was similar to intermediate leaves of non-flowering plants. Their results 
also show that the daily P requirement of flowering shoots is higher than that of non-
flowering shoots of Posidonia oceanica. This suggests that flowering requires additional 
nutrients.   If resources are limited, resources have to be allocated to the physiological 
function that would increase the survival of the individual and resources allocated to 
other functions will be diminished (Watson 1984b, Lovett Doust 1989). Thus, investing 
in vegetative expansion to compete for space and nutrients with the other species would 
reduce the available resources for sexual reproduction (Watson 1984b). The decrease in 
shoot abundance and loss of foliage in S. filiforme due to clipping could result in a 
reduction in photosynthetic capacity and depletion of carbohydrate reserves. A decrease 
in photosynthetic activity would reduce available resources for vegetative and sexual 
reproduction. The increase in leaf N content in the grazed plots did not translate to an 
increase in leaf size or absolute abundance, so the extra N must have been used for flower 
production. Although there was an increase in N content of the flowers in the clipped 
plots, it was not enough to enhance flower production as shown by the decrease in the 
number of flowering shoots per square meter, number of flowers per shoot and percent 
flowering.  
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The reduction in the shoot abundance, leaf size and flowering suggest that 
clipping incurred costs to both flowering and survival. Grazing has been shown to 
negatively impact flowering. Shoot growth and flowering in prairie grasses decreased in 
response to cattle grazing (Hickman and Hartnett 2002). Clam harvesting disturbance 
decreased sexual reproduction in Zostera noltii in Ria Formosa, Portugal (Alexandre et 
al. 2005). The flowering frequency of a clonal forest herb decreased when grazed by deer 
(Rooney 1997). Although, clipping negatively impacted flowering in this study, clipping 
may enhance shoot recruitment by creating gaps that could be colonized by seedlings. 
The absence of male flowers in the plots suggests that the sampling area is 
comprised of female clones. Johnson and Williams (1982) reported that they found two 
stands of S. filiforme bearing either 100% female or 100% male flowers in Jacks Bay, St. 
Croix. Cox et al. (1990) also reported that S. filiforme in most of their sampling plots 
along a depth gradient were unisexual. In the cases studied, male individuals are usually 
more common in the more highly stressed habitats along gradients of salinity, moisture, 
nutrients, light, and temperature (Freeman et al. 1976, Cox 1981, Lovett Doust and 
Laporte 1991). Female inflorescences of S. filiforme were found to be more abundant in 
shallow water while male flowers were more abundant in deeper waters (Cox et al. 1990). 
I may also have missed collecting the male flowers because I only sub-sampled the plots. 
I did not see any seed set (pers. obs.), which also suggests males were absent.  
The results of this study suggest that nutrient addition and grazing could 
negatively impact flowering in seagrasses. Species with determinate inflorescence are 
particularly vulnerable to the effects of fertilization and grazing because allocation of a 
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meristem to flowering would mean a loss of that meristem. The relative importance of 
sexual versus vegetative recruitment in a plant population could determine its survival. A 
decrease in sexual reproduction may strongly affect the plant’s adaptation to local 
environments and their geographic distribution. Asexual reproduction allows populations 
to persist in habitats or regions where, for one reason or another, sexual reproduction 
cannot occur. Asexual reproduction does not involve recombination and, therefore, yields 
offspring that are genetically identical to each other and to the plant that produced them. 
The depletion of genotypic variability within clonal populations through time makes 
them more susceptible to diseases, pathogens, and environmental stochasticity (Chapin et 
al. 1997, Hughes and Stachowicz 2004).  
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Table 4.1. ANOVA results of effects of nutrients and grazing on response variables 
measured in April 2009. Significant effects (defined as p ≤ 0.05) are designated in 
boldface type. 
 
 
Response                                          Nutrient   (F)                   Grazing   (G)                F x G 
variables                                            F45,        P                       F45,2          P                F45,4        
P 
 
Thalassia testudinum 
Absolute abundance 0.78 0.47 0.05 0.95 0.63 0.64 
Syringodium filiforme 
Leaf N 2.6   0.09 5.67 0.007 0.29 0.88 
Leaf P 25.7 <0.001 4.66 0.016 0.35 0.84 
Flower N 1.30  0.29 3.74 0.034 0.39 0.82 
flowering shoots m-2 1.98  0.15 16.78 <0.001 2.37 0.07 
flowers shoot-1 0.33  0.72 20.89 <0.001 3.42 0.018 
% flowering 3.34 0.047 16.85 <0.001 0.63 0.64 
Leaf mass (mg SS-1) 6.07 0.006 0.83 0.44 0.55 0.69 
Leaf length (cm) 12.00 <0.001 4.22 0.024 0.22 0.93 
Absolute abundance 9.59 <0.001 5.03 0.012 1.1 0.37 
Halodule wrightii 
Absolute abundance 1.01 0.38 0.48 0.62 0.61 0.62 
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Figure 4.1. The direct and interactive effects of fertilization and 
simulated grazing on the absolute abundance of (A), S. filfiorme, 
(B)T. testudinum, and (C) H. wrightii, (means ± standard error). 
Mean values in a group of bars followed by different letters are 
significantly different (p<0.05, Tukey’s HSD test) 
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Figure 4.2. The direct and interactive effects of fertilization and grazing on S. 
filiforme (A) leaf mass, (B) leaf length(means ± standard error). Mean values 
in a group of bars followed by different letters are significantly different 
(p<0.05, Tukey’s HSD test) 
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SYNTHESIS 
 
The importance of resource supply and herbivory in driving competitive 
interactions among species has been an important but contentious issue within ecology. 
These variables exhibit different effects on species competition when manipulated in 
isolation but interact when manipulated together. Chapters 2 and 3 discuss the results of 
the two-year fertilization and clipping experiment on the productivity and community 
structure of a subtropical seagrass bed. My study showed that fertilization and simulated 
grazing had strong but opposite effects on tissue nutrient content, growth rate, and 
species abundance in the seagrass community. There was an overall increase in plant 
cover and canopy height in the fertilized plots. Clipping, on the other hand decreased 
productivity and plant cover of the seagrasses.  
 My study also demonstrates that the response to nutrient addition and grazing is 
species specific. Species-specific responses to treatments were in part predictable as a 
function of plant life form and nutrient requirement. The smaller, fast growing species H. 
wrightii was favored by the combined fertilization and clipping treatment.  T. testudinum 
which has a low nutrient requirement and extensive root and rhizome system was not 
negatively affected by fertilization and grazing. The slow response of T. testudinum to 
environmental stress could be due to the stored starch reserves in its extensive robust 
rhizome system (Zieman 1975). S. filiforme, which can branch out and form a tall canopy 
dominated in the fertilized plots but was not as competitive in the plots that were both 
grazed and enriched. The species-specific response to fertilization and grazing could have 
important implications on ecosystem structure and function. The interactive effects of 
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fertilization and grazing on competitive interactions among species will enhance the 
coexistence of species possessing different plant traits and strategies that allows for 
efficient exploitation of all available resources and greater range of responses to 
disturbance or perturbation. A more diverse seagrass community will perform better 
when subjected to increased nutrient loading and/or grazing. Greater species diversity 
would enhance the resilience and recovery of the community after a disturbance. A more 
diverse ecosystem containing species that respond differently to multiple stressors would 
make the ecosystem more stable (Loreau et al. 2003, Hooper et al. 2005).   
A wide variety of experiments in different ecosystems have shown that greater 
species diversity positively affects ecosystem functioning (reviewed in Schwartz et al., 
2000, Cottingham et al., 2001, Loreau et al., 2001). Thus, maintaining greater species 
diversity in a seagrass bed will increase its structural complexity as a habitat and 
productivity. The vertical growth habit of S. filiforme and T. testudinum can form tall, 
multilayered canopies, which influence local hydrodynamics, promote sedimentation, and 
provide refuge for marine organisms (Heck 1977, Kenworthy and Schwarzschild 1998). 
Greater species diversity would also enhance the resilience and recovery of the 
community after a disturbance. A more diverse ecosystem containing species that 
respond differently to multiple stressors would make the ecosystem more stable (Loreau 
et al. 2003, Hooper et al. 2005b).  
Fertilization increased competitive dominance within the primary producers while 
simulated grazing counteracted this effect by removal of the dominant species. 
Fertilization ameliorated the negative impacts of simulated grazing while simulated 
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grazing prevented competitive exclusion in the fertilized plots. Nutrient addition and 
simulated grazing both exerted strong control on plant performance and community 
structure.  Simulated grazing prevented competitive exclusion by the removal of the 
dominant species. Nutrient addition and simulated grazing both exerted strong control on 
plant performance. In addition, neither bottom up nor top down influences was eliminated 
in treatments where both factors where present. The effects of fertilization on plant 
performance were marked under all clipping intensities indicating that the system is 
regulated by P availability both in the presence or absence of grazers. Clipping effects 
were strong under both fertilized and unfertilized conditions indicating that the seagrass 
bed can be simultaneously under top-down control by grazers. 
Most simulated grazing studies have been conducted in monospecific seagrass 
beds; this is the first study that evaluated the effects of simulated grazing in a mixed 
seagrass meadow. This study shows that if there is enough nutrient supply to support 
plant growth, grazing plots can sustainably support intense grazing pressure. Our results 
thus provide some support for theoretical expectations that anthropogenic activities that 
alter grazer community structure may also affect the response of marine communities to 
nutrient perturbations. Future studies should address the direct and interactive effects of 
nutrient supply and preferential grazing on community structure and relate these changes 
to ecosystem functions.   
In Chapter 3, the results of the study suggest that nutrient addition and grazing 
could negatively impact flowering in seagrasses. The increase in the shoot abundance of 
S. filiforme in the fertilized plots, with no concomitant increase in inflorescence suggest 
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that the plants invested more on vegetative growth, which is less costly than sexual 
reproduction and allows the plant to expand faster and be more competitive (Loehle 
1987).The reduction in the shoot abundance, leaf size and flowering suggest that clipping 
incurred costs to both flowering and survival.  
Species such as S. filiforme, with determinate inflorescence are particularly 
vulnerable to the effects of fertilization and grazing. A trade-off in meristem allocation 
between flowering and vegetative growth is particularly conspicuous in plants with 
determinate infloresences (Watson 1984a, Huber and During 2000). When the apical 
meristem of a tiller develops into a floral primordium, the tiller becomes unavailable for 
vegetative growth, and dies after reproduction. It could be expected that intense flowering 
could negatively impact vegetative growth of a plant as sexual reproduction involves a 
loss of existing meristems. The increase in the number of flowers per shoot in fertilized 
plots that were unclipped could be a mechanism to increase sexual reproduction without 
increasing shoot mortality due to reproduction.  
The relative importance of sexual versus vegetative recruitment in a plant 
population could determine its survival. A decrease in sexual reproduction may strongly 
affect the plant’s adaptation to local environments and their geographic distribution. 
Asexual reproduction allows populations to persist in habitats or regions where, for one 
reason or another, sexual reproduction cannot occur. Asexual reproduction does not 
involve recombination and, therefore, yields offspring that are genetically identical to 
each other and to the plant that produced them. The depletion of genotypic variability 
within clonal populations through time makes them more susceptible to diseases, 
96 
 
pathogens, and environmental stochasticity (Chapin et al. 1997, Hughes and Stachowicz 
2004). Future studies should investigate the impacts of increased nutrient supply and 
grazing intensities on the physiology of seagrass flowering to better understand the 
impacts of these drivers on seagrass communities. 
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